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worden”. Toch “worden varkens en doctoraatsstudenten knorrend vet”. En nu, na 4 jaar, is het 
“varkentje op een oor na gevild” terwijl ik mijn dankwoord schrijf. Van mensen die ondankbaar 
zijn wanneer ze hun doel bereikt hebben zegt men: “Als het varken zat is stoot het zijn trog 
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Ten eerste mijn promotoren Ludwig, Sam en Jef. Mijn oprechte dank voor het vertrouwen, jullie 
adviezen, de coaching en ook gewoon het fijne samenwerken aan dit project. Hartelijk bedankt!  
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het soms even voor de student het zelf doorheeft. Een Italiaans terrasje en een zekere 
hoeveelheid babbelwater kan dit proces wel versnellen heb ik gemerkt. En kijk, we zijn toch 
veilig en wel op de juiste bestemming aangekomen. Hartelijk dank voor je visie, de boeiende 
discussies, je opmerkingen en ondersteuning bij het publiceren van mijn artikels en het 
vormgeven van mijn thesis. 
Sam, ook jou wil ik hartelijk bedanken voor de coaching, het advies, de leerrijke discussies en 
het vertrouwen tijdens de voorbije 4 jaar. Je hebt van in het begin de aandacht gevestigd op 
het publiceren van de broodnodige wetenschappelijke artikels. Hoewel dit in het begin voor 
enige stress zorgde ben ik je er in dit laatste jaar erg dankbaar voor geweest. Het maakte me 
tijdens de afwerking van de thesis een stuk geruster en vrijer. En hoewel sommige publicaties 
niet direct bij jouw core business aansloten, heb je altijd met veel belangstelling en 
enthousiasme feedback geleverd op mijn werk. Ook van je uitgebreide kennis van de Vlaamse 
varkenssector heb ik dankbaar kunnen profiteren tijdens mijn project! 
Jef, hartelijk dank voor die 4 jaar van enthousiasme, positivisme en uitstekende coaching. Altijd 
bereikbaar en klaar om met raad en daad bij te staan. Bedankt voor al je goede adviezen en 
het scheppen van structuur! Op magische wijze kon jij zeggen dat een paragraaf goed was 
maar uiteindelijk er toch voor zorgen dat die uit vrije wil weer helemaal werd herschreven. 
Naast je doctoraatstudent ben ik ook 2 jaar jouw bureaugenoot geweest. Met veel plezier kijk 
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ik terug op die periode. Bovendien, weet ik sindsdien ook hoe je best met aannemers en 
investeringsanalyses in zonnepanelen moet omgaan en dat een overschot aan marsepeinen 
varkens op ons bureau geen lang leven beschoren was.  
Dear members of the jury, I also want to acknowledge you for your time and efforts, spent on 
reading and discussing my doctoral dissertation. Thank you for the valuable comments and 
suggestions that allowed me to improve the final result. 
Mijn dank gaat ook uit naar het Agentschap Innoveren en Ondernemen van de Vlaamse 
Overheid en de bereidwillige co-financiers uit de Vlaamse varkenskolom voor de financiering 
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Een oprechte dankjewel aan alle collega’s en de personen die bijgedragen hebben aan de 
uitvoering van mijn onderzoek. Voor de verzorging van onze proefvarkens: Kristof, Bart, Hans, 
Jan, Sofie, Kelly, Bernard, Thomas, Loes en Sofie, dankjewel! Marleen en Francis Hanssens-
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Myriam een dikke dankjewel voor jullie deskundigheid en ondersteuning in het verzamelen van 
data, het harde werk en de vroege uren van de slachtdagen. Bedankt voor jullie onaflatende 
inzet!  
Een speciale dankjewel aan de collega’s van de afdeling Technologie en Voeding, met name 
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Chapter 1  Introduction, objective and outline 
1.1 From the rural to the industrial pig: the birth of a decision problem 
The role of pigs in the agricultural ecosystem has changed dramatically since the beginning 
(or midth) of the twentieth century. The monogastric pig has nutritional requirements very 
similar to those of humans. Therefore, at first glance it seems irrational to domesticize a food 
competitor. Our ancestors used this characteristic as an opportunity (Tijskens and Mahieu, 
1995). Originally, pigs served as a piggy bank in the most literal way. Their function was to 
recycle swill and temporarily store surpluses from the harvest .When it was cold enough in the 
fall, they were slaughtered and provided nutrients in the diet of the farm household through the 
winter (Niesten et al., 2003). Back then, pigs were appreciated for their potential to produce 
edible fat which served as an ideal energy dense nutrient to sustain the high energy demands 
for manual labor on the farm (Tijskens and Mahieu, 1995). In this pre-industrial system, 
decisions on the slaughter weight of pigs were based neither on economic theory nor on 
insights in animal science. External factors like shortages or harvest surpluses and climatic 
conditions dominated the decision to harvest the pig. 
Gradually, when industrialization of western societies started and productivity of the primary 
arable production increased, humans disconnected the pigs from its original role. For example, 
in the low lands, at the end of the 19th century, the wheat economy plummeted by the imports 
of cheaper foreign cereals (Niesten et al., 2003). The falling cereal prices, literally signaling 
surpluses of cereals at a large spatial scale (Tijskens and Mahieu, 1995), were taken as an 
opportunity. The relative cheap inputs sparked pig production at a larger scale. This can be 
seen as an example of the initiation of the technology treadmill in agriculture proposed by 
Cochrane. Since the added value of cereal production decreased, farmers made a technology 
switch to pig husbandry in order to capture more added value. The treadmill theory explains 
induced technological innovations as a driving force behind the growing scale of operations 
and lowering agricultural commodity prices. When new technology becomes available the early 
adopters benefit for a while from the reduced costs of production resulting from the technology. 
However, this temporarily benefit wears away as increasing numbers of farmers adopt the 
technology, which provokes increased production and supply, followed by decreased output 
prices. Consequently, profitability goes down and farmers are urged to adopt the technology 
to reduce their cost price under the current market conditions in order to stay in the industry 
(Levins and Cochrane, 1996).  
As the treadmill in pig production continued, specialized farms made an entry with year-round 
production of pigs in climatic conditioned facilities equipped with automated feeding. Intensive 
pig production became a high capital demanding bio-industry. Seeking to improve efficiency 
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of the operation by mainly focusing on productivity gains, became the paradigm for further 
economic improvements, similar to other industrial sectors. Efficient farm production can be 
defined as putting the farm’s production factors, being capital, labor, management and variable 
inputs, to their best use. A farmer is supposed to lead his farm to this efficient state by making 
optimal decisions on input use, farm scale and organization. These decisions have to be made 
at different hierarchical management levels and differ in their frequency of occurrence in the 
farm manager’s career (Huirne, 1990). For example strategic decisions about the size of the 
farm and the design of the animal facilities are fixed for several years. Consequently, it will 
take more time for such longer term decisions to be remediated, compared to other tactical 
decisions that have to be made more often as for example choice of genetics in the herd. 
Moreover, the decisions made at these different management levels will affect each other 
(Kristensen and Jørgensen, 1997). The process of striving towards a certain goal by selecting 
the best decision from a set of different alternative decisions whilst taking into account the 
biological, physical, economic and societal constraints faced by the farm, is what management 
science defines as optimization. Since entrepreneurs most likely start a business to earn 
money, the goal set out in the economic optimization problem is often assumed to be profit 
maximization.  
Not surprisingly, the evolutions towards industrial pig production also affected the decision-
making on timing the harvest and corresponding delivery weight of the pig. The historic 
considerations on available harvest surpluses and appropriate temperature for slaughtering 
and conserving the pork were replaced by other decision criteria. The timing of slaughter and 
the delivery weight of the pig became part of the decisions that needed to result in the maximal 
remuneration of the invested capital, labor and management of the farm manager.  
Moreover with the course of industrialization, the process of market integration of the early 
days of pig production transformed into a process of chain integration which is still ongoing 
(Rodríguez et al., 2014). Value chains have become longer, with more links between the farmer 
and the consumer. In this context the delivery weight of pigs became an important parameter 
determining the product quality, which had to meet the demand for lean pork by the customer 
(slaughterhouses and processors) and finally the consumer. Currently, slaughterhouses in 
general have been adopting pricing schemes with premiums and discounts on a base price to 
incentivize pig farmers to deliver a pig that meets their product requirements. As the value 
chain grew longer and the added value is mostly being generated and captured downstream 
of the chain, the position of farmers has weakened (Young and Hobbs, 2002). Regarding the 
delivery weight of pigs, farmers were found to question the impact of price incentives for 




transparent, and the highly competitive environment in the chain, has led to a certain level of 
distrust by the farmers regarding the other links in the supply chain (Schulze et al., 2007a,b).  
The industrial model was profitable and successful during the 1970 and 1980 in meeting the 
European policy goals set out in the common agricultural policy, being food security at low 
prices for the citizens (Niesten et al., 2003). Under economic pressure and potential economies 
of scale, pig farms became more intensified, larger in size but fewer in number (Sørensen et 
al., 2006). However, gradually criticism has grown about the flaws of the large scale industrial 
livestock production model. Societal concerns about the impact on the environment, animal 
welfare and social injustice are ubiquitous. Policies have been developed by which farmers 
need to comply to accommodate these societal concerns (Sørensen et al., 2006). These 
policies also constrain the decision on the pig’s delivery weight. For example, stocking 
densities are legally regulated and depend on the pigs’ weight. Also nutrient output to the 
environment is related to the animals weights and is under restriction by manure legislation. 
Since, the investments in abatement technology or compliance with animal welfare regulations 
are difficult to remunerate on the current private markets, farmers strive to further increase 
their farm scale to counterbalance the lowering unit profit margins by a larger volume of 
production. However, this process, further enhances civil resistance against large intensive 
livestock enterprises (Termeer et al., 2010).  
Lastly, the globalization of the agricultural commodity markets and the liberalization of the 
European markets poses new challenges to pig farmers. While the pork market itself has never 
been highly regulated compared to other meat markets, pig producers did benefit from policy 
measures that led to stable and low priced feedstuffs (European Commission DG AGRI, 2004). 
However, agricultural market regulations have been downgrading since the EU-policy reforms 
started in the 1990’s, under international pressure (i.e. the GATT Uruguay Round and the 
establishment of the World Trade Organization (WTO)). Moreover, other developing industries 
like biofuel production increase the demand for cereal. This also causes the volatility of the oil 
prices to partly spill over to the agricultural commodities’ markets for biofuels feedstocks as 
observed in the year 2008 (Hertel and Beckman, 2012). These authors believe it is likely that 
the price volatility for these agricultural commodities will rise in the future.  All these evolutions 
have added complexity to the environment in which farm managers have to make their 
management decisions.  
1.2 Scientific progress and its approach to support farm decision-making  
The depicted historic industrialization process was fostered by scientific progress in various 
disciplines. Advances in animal science and engineering led to improvements and efficiency 
gains in pig husbandry. Animal genetics were improved and transformed the pigs from a fat 
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producer to a lean meat producer (Dunshea and D’Souza, 2003), in response to changing 
consumer preferences (Tijskens and Mahieu, 1995) but also in quest of efficiency gains since 
fat accretion requires more energy than lean meat accretion. This evolution also led to changed 
nutritional requirements which have been scrutinized and are still being progressed by animal 
nutrition scientists. These advances in animal science allowed to move away from static 
empiric modelling of animal growth towards building dynamic mechanistic animal growth 
models. These provide more insights into the mechanisms of growth (Black, 2014) and enable 
also a generalization of the model’s results outside the original context in which the model was 
developed (Janssen and van Ittersum, 2007). 
Not only the advances in animal science supported the industrialization of pig production and 
its continuous quest for optimization and efficiency. Also, economists have benefited from 
increasing computer capacity and advances in mathematical programming techniques in the 
field of Operations Research (OR) to provide insights in order to contribute to improving the 
efficiency of the pig industry. This shows in the list of studies dealing with optimization of pig 
production: starting with static pig production function research by Heady and Dillon, (1960), 
least-cost pig rations calculations (Burt, 1978; Sonka et al., 1976), decision rules for profit 
maximization under continuous batch production (Winder and Trant, 1961; Kawaguchi and 
Kennedy, 1989), towards more dynamic descriptions of pig production ((Chavas et al., 1985; 
Glen, 1983) and studies specifically dedicated to optimal delivery weights (Boland et al., 1993; 
Giesen et al., 1988; Jolly et al., 1980) and consecutively towards studies aiming at integrated 
optimization of feeding and delivery weight decisions (Boland et al., 1999; Bailleul et al., 2000, 
Niemi, 2006). Others have specifically focused on the optimal marketing strategy when facing 
biological variability in the pig herd (Giesen et al., 1988, Boys et al., 2007; Huang and Miller, 
2004; Kure, 1997). All these advances in knowledge and computer capacity have led to 
scientist nowadays being successful at developing sophisticated bio-economic whole-farm 
models and increasing the level of model complexity and accuracy in the continuous quest to 
more closely approach the real-world complexity. This (perceived) need for ever more complex 
models, is understandable, in the light of the growing complexity that characterizes the current 
farming context. 
Still, in the majority of studies, the delivery weight has been only one of many decision variables 
taken into account, which reflects the increasing ability to incorporate more complexity in 
models. Especially in the studies mainly focused on optimal feeding, the optimal pig delivery 
weight has been rather a complementary result instead of being the main issue of interest. 
Moreover, pig production and the optimal delivery weight were often also used primarily as 
cases to illustrate advances in methodology. Exceptions are the studies of Giesen et al. (1988) 




management levels, the study by Jolly et al. (1980) focusing on optimal delivery weights on 
two very specific mixed farm types and the studies focusing on optimal marketing of 
heterogeneous pig herds (Boys et al., 2007; Huang and Miller, 2004). 
1.3 Model-based decision support in agriculture: burdens to successful 
Operations Research application in practice 
Despite their potential, the attempts in which sophisticated models have been used to develop 
decision support systems (DSS), to assist the farm manager in his decision-making and make 
agricultural science accessible and useful (McCown, 2002) have often been unsuccessful 
(Matthews et al., 2008). The discipline of Operations Research (OR), focusing on optimization 
and decision-making, has faced a fundamental credibility crisis, in general after the 1970’s 
(Kirby, 2007). The classical OR paradigm with a strong emphasis on optimization and 
mathematical advancement of methodologies, was under heavy critique. While it flourished as 
a product of the golden age of industrialization in the 1960’s, its relevance in a more unstable 
and complex system after the 1970’s was being questioned and deemed not to be able to deal 
with real managerial problems (Kirby, 2007, 2000). With respect to pig production, probably 
the only OR technique that might have succeeded and survived into nowadays practice would 
be linear programming to perform least cost diet calculations by compound feed producers, 
supplying feed to the farmers. Even less normative simulation models, that are used to 
describe the behavior of a system as a whole to provide informative insights instead of 
presenting optimal decisions to the model user, are difficult to implement in practice. 
Reasons for this non-implementation lie amongst others in the mathematical and conceptual 
complexity (McCown et al., 2009), the high need for difficult parametrization and costly 
information input (Tanure et al., 2013; Voinov and Bousquet, 2010), the lack of flexibility to 
adapt the DSS to the personal farming context (McCown et al., 2009) and the difficulty in the 
communication and presentation of the results of complex models (Voinov and Bousquet, 
2010). 
Regarding pig production no specific literature has been found on the uptake in practice of 
decision support tools or insights related to PDWO. A rare example is the AUSPIG support 
system, commercially available in Australia but mostly used to optimize feeding regimes 
(Black, 2017). Additionally, we observed a renewed request by the Flanders’ pig industry for 
support on PDWO. This recurrent request might signal and confirm the historic low uptake of 
research findings on the topic. This can be caused by the research on PDWO not being 
adapted enough to the practical context. Indeed, we noticed that previous studies mainly 
focused on the complexity of the PDWO problem and how to methodologically capture as much 
of this complexity in simulation models. To our knowledge, none of the studies explicitly 
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mention that they took into account the perception or the approach of the PDWO problem by 
the stakeholders of the industry as a starting point. Moreover, few studies focused on how 
PDWO is situated in the different management levels on the farm. Since the embeddedness 
of PDWO in farm management might not have been approached entirely, the previously 
derived insights might not correspond to the expectations and requirements of farm managers 
to improve their decision-making on PDWO. Furthermore, the renewed request for support on 
PDWO might as well signal that recent or ongoing evolutions are changing the decision context 
of farms which might require updates of the insights into PDWO.  
1.4 Stakeholder participation in research: gateway towards implementation 
in practice? 
Specifically in Farming Systems Research, participatory research methods involving a broad 
range of societal actors from the farming system is a core element of the research approach 
(Darnhofer et al., 2012). Participatory methods are appreciated because of their ability to 
integrate different types of knowledge systems and their enabling potential to foster social 
learning from the interactions between stakeholders mutually and the interactions between 
stakeholders and researchers in the process (Darnhofer et al., 2012).   
Within Farming Systems Research two branches exist in both approach to the farming system 
as well as research methods to study the system (Darnhofer et al., 2012; Martin, 2015). There 
is the approach to view the farming system as a “hard system”, consisting of interlinked “real” 
structures with well-defined boundaries and goals. Such a system can then be described and 
modelled based on “hard” scientific knowledge from biology, physics, chemistry and 
economics. The other branch, the “soft systems” branch, views farming systems as the result 
of social constructs, where system goals are not given, but contested, and system boundaries 
need to be negotiated (Checkland and Poulter, 2010). As such, the system is the result of 
human interactions, negotiation, conflict resolution and collective action. Stakeholder 
knowledge is the key knowledge type in this approach and participatory research methods are 
fundamental to create new knowledge (Martin, 2015).  
Both hard and soft systems approaches have drawbacks and pitfalls (Martin, 2015). The hard 
approaches are criticized for their mathematical complexity and inflexibility which leads to an 
inability to be applied in various production and management contexts. Moreover, the reliance 
on intransparent models that are perceived as ‘black boxes’ is also a point of criticism 
(McCown, et al.,2009). The soft approaches in turn lack quantitative analyses and disregard 
up-to-date scientific advances (Martin, 2015). Both Darnhofer et al. (2012) and Martin (2015), 
argue in favor of a hybridization of both research approaches to benefit of the advantages and 




In this respect, stakeholder participation has been proposed and successfully applied to lower 
the burden to implementation of model based Decision Support Tools (DST). Stakeholders 
should be seen as experts to consult for assistance in balancing model complexity, accuracy, 
comprehensibility and broad applicability (Voinov and Bousquet, 2010). The DST development 
can benefit from the stakeholder involvement by better defining and shaping the problem under 
study in a problem reframing stage (Martin, 2015). Moreover, the direct contact with 
stakeholders facilitates the communication of the results, underlying assumptions, complexity 
and inevitable imperfections of the model. This feature of stakeholder participation should 
improve the transparency of both the model and its development process.  
1.5 Drivers for the revival of supporting optimization 
Recent and ongoing evolutions seem to have revived the general belief in the importance of 
optimization and support on optimal decision-making not necessarily limited to PDWO. As 
Walker (2002) argued, it becomes more difficult for farm managers to make good decisions, 
while integrating all the complex issues that have risen in the farming context. Since, the level 
of competition in the pig industry has further increased and unit profit margins are low 
compared to the high capital investments, it is understandable that farmers are willing to make 
the best possible decisions. The international competition has also put pressure on profit 
margins in the Flanders’ pig industry. As a consequence PDWO was also perceived by the 
industry as a vital remedy to enhance profitability. 
Also the recent advances in information, sensor, and automation technology make believe that 
the historic unavailability of on-farm information will finally be resolved and enable the detailed 
process optimization, which has been described in previous studies. In this respect, we also 
observed that recent precision livestock farming studies readdressed the problem of PDWO 
(e.g. Niemi et al., 2010; Kristensen et al., 2012; Pourmoayed et al., 2016).   
Other major evolutions have taken place in the global food systems following the instalment of 
the World Trade Organization. It enhanced globalization and redistributed market power from 
large food processors to retailers, who became more oligopolistic (Busch and Bain, 2004). 
Mass production of uniform commodities for mass markets is being replaced by production of 
a diverse gamma of food products to meet the differentiating consumers’ preferences (Young 
and Hobbs, 2002). Indeed, retailers did move away from price competition towards quality as 
the basis for economic competition (Busch and Bain, 2004). Private branding and labelling is 
ubiquitous in supermarkets and it has proven to overpower publicly defined product standards. 
This phenomenon is a reality that producers and processors have to face and it might be 
challenging to cope with (Busch and Bain, 2004). It is challenging because this trend towards 
large scale production of differentiated food items with distinctive quality characteristics also 
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favors a process towards more vertically closed supply chains and a consequential decline of 
spot markets (Young and Hobbs, 2002). This raises new issues for producers, such as risk to 
commit and comply with the standards of the supply chain and negotiation power in contracting 
(Busch and Bain, 2004; Young and Hobbs, 2002). Moreover, it can be assumed that ongoing 
evolutions in information technology, for example block chain technology, will proceed and 
accelerate this process of closing vertical supply chains. Concluding, not only the pig farmers 
are being challenged by these evolutions. In fact the whole pork supply chain has to find 
strategies to accommodate changing consumer demands, accommodate societal concerns 
and withstand severe international competition.  
1.6 Challenges for research and general objective 
From the previous challenges, it can be concluded that a need for insight into PDWO, remains. 
This study starts from the recurrent request by the Flanders’ pig industry for support and insight 
into PDWO. The ultimate goal was to deliver these insights tailored to the needs and 
requirements of the practitioners. To fulfill the objective we did not continue the old paradigm 
of starting unilaterally from the total complexity related to the PDWO-problem and the available 
advanced solution techniques from Operations Research, assuming that the improved 
accuracy of the model results would lead to better insights. Instead, the challenge was to 
revitalize the old paradigm, considering the historic difficulties in valorizing the insights from 
science into practice and especially the difficulties encountered with insights from model-based 
decision support. However, the aim is to still benefit from the historic insights into PDWO in 
combining them with knowledge and insights from practice.  
The revitalization lies in approaching the PDWO-problem by bundling stakeholder knowledge 
and insights from practice with the existing scientific knowledge. As such the scientific novelty 
of the study lies in the application of a multi-disciplinary approach in which both qualitative and 
quantitative research methods are hybridized to revitalize the solution strategy to an “old” 
problem. Moreover, the value of such an approach will be critically discussed. In concrete 
terms, we combine stakeholder and scientific knowledge in each of the consecutive steps of 
the research: defining the problem context, developing the model and deriving desired insights 
from the model. Based on this approach we want to provide practically relevant but scientifically 
sound insights into strategies for PDWO and its importance in contemporary pig farm 
management. Moreover based on the obtained insights and on-going evolutions in the industry 





Therefore, we formulated the general objective of this dissertation as follows:  
Providing practically relevant management insights into strategies for economic pig delivery 
weight optimization and its importance and reflect how these elements might evolve in the 
future. 
This objective was translated into a framework of three general research questions, around 
which the general discussion in chapter 7 will unfold and lead to recommendations. These 
three research questions are:  
Research question1: How is pig delivery weight optimization embedded in the current 
management of pig farms?  
Research question 2: What is the value of synergizing stakeholder and scientific 
knowledge to enhance both problem definition, model output and derived insights? 
Research question 3: Given current insights, ongoing evolutions and new drivers what 
might be the role of pig delivery weight optimization in future pig production and farm 
management? 
The answer to research question 1 describes (1) how pig farmers can deal with PDWO in their 
current decision context, given the available resources and (2) the importance of PDWO in 
current farm management. Elements for answering the research question come from the 
different chapters in the dissertation.  
The second research question, concerns the value of our approach to combine stakeholder 
and scientific knowledge in each stage (i.e. problem definition, model development and 
producing practically relevant insights) of the research process in order to fulfill our general 
objective.  
The answer to research question 3 proceeds from the obtained insights into the first research 
question. We reflect on how ongoing and future evolutions might lead to more incentives for 
PDWO by affecting its feasibility and importance.  
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1.7 Outline of the dissertation 
The outline of the dissertation is schematically summarized in Figure 1.1. To fulfill the general 
objective, three phases have been defined and executed. These three phases were problem 
definition, model development and deriving practically relevant insights into PDWO. In all three 
phases, stakeholder and scientific knowledge were combined. Chapters 2 and 3 consider the 
problem definition phase. In chapter 2, a literature review on PDWO is presented, which served 
as the input for the participatory decision problem analysis (DPA). The first part of the review 
describes processes and factors in contemporary pig production that are important for PDWO. 
The second part of the review lists and describes relevant historic studies on optimization of 
pig production and PDWO. Consecutively, in chapter 3 the participatory DPA is documented. 
The succession of iterative stakeholder meetings is motivated and the resulting stakeholder-
endorsed problem definition is presented.  
This process and problem definition affected the course of the research and led first to chapter 
4. In this chapter the central research problem was to investigate the practical applicability and 
accuracy of published animal growth and feed intake. The outcome of this chapter provided 
the basis for the simulation model that was developed to analyze PDWO. In chapter 5, this 
simulation model is presented and the alignment of the models’ results with previous insights 
into PDWO is described. Additionally, the model’s answers to the key questions by 
stakeholders are presented: I) how do the driving forces behind the optimization determine the 
optima, II) what is the dependency of the optimal delivery weight on market conditions, III) how 
do the opportunity costs due to suboptimal delivery evolve, in addition to the optimization 
results IV) what is the effect of animal profile and differences in animal performance on the 
optimal delivery weight?  
In chapter 6, an extension to the simulation model is used to analyze optimal marketing 
strategies on farrow-to-finish farms. Special focus is given to the consequences of 
management decisions at higher levels on the finishing duration per batch and the operational 





Figure 1-1 Outline of the dissertation and coherence of the chapters to fulfilling the research 
objective, RQ refers to the general research questions. 
 
The general discussion in the chapter 7 addresses the three general research questions based 
on the results of the previous chapters. This chapter also provides a discussion on the 
implications of the obtained results and formulates recommendations for farmers, pork supply 
chain and policy makers.  
Chapter 3 to 6 have been written as independent articles that either have been published or 
are in the process of being published in scientific journals.. At the start of each chapter a short 
summary is offered to the reader to explain how the chapter fits into the dissertation and how 





Chapter 2: Literature review on pig 
delivery weight optimization 
 
 
Contribution to the dissertation: 
The aim of this chapter was to investigate previous studies to identify important factors and 
processes that relate to the delivery weight optimization of finishing pigs. Based on this 
investigation, different factors and processes at animal, farm and chain level were identified. 
This overview was used as input for the participatory process in which we reframed the problem 
of pig delivery weight optimization together with stakeholders from the industry (the subject of 
chapter 3). In the second part of this chapter, we also give an overview of studies in which these 
factors have been incorporated in bio-economic optimization models for pig production.  
The chapter provides an overview of the existing scientific knowledge that has been combined 
with stakeholder knowledge during the research process. This way it contributes to answering 
the three general research questions of the dissertation in the following way:  
The chapter contributes to answering research question 1 by providing scientific knowledge 
and insights into factors and processes that affect the decision-making on economic optimal 
pig delivery weights. These insights were combined in the research process with stakeholder 
knowledge in order to answer research question 1.  
The insights from this chapter served as preparation for the participatory decision problem 
analysis in chapter 3. In the general discussion of the dissertation, we elaborate on the value 
of this preparation in our evaluation of the approach to combine scientific and stakeholder 
knowledge. 
Furthermore, we found studies in which decision variables were assumed that enable detailed 
process optimization in finishing pig production. However, the assumed level of control does 
not (yet) correspond to the control the farmer exerts over these variables in current practice. 
This indicates that although previous studies may have focused on the complexity of the 
decision problem, they were not necessarily aligning with the current decision context in which 
farmers operate. The latter observation is also important for research question 3, because it 
raises questions about what hampers these theoretically assumed control variables to be or 
become effective control variables. The identification of these obstacles forms the basis to 




Chapter 2 Literature review on pig delivery weight optimization 
2.1 Introduction 
The optimal pig delivery weight has been the primary focus or a complementary result to other 
areas of bio-economic optimization of pig production found in previous literature. Moreover, 
the delivery weight of pigs has also been an important parameter under investigation in 
numerous zootechnical studies. In this literature review the aim is twofold and consist of I) 
identifying which factors and processes have been under investigation in previous studies that 
are of relevance for the pig delivery weight optimization problem (PDWO) and II) investigate 
the insights that were provided in historic bio-economic optimization studies of pig production 
with special reference to pig delivery weight optimization. 
A systematic way of reviewing the factors related to the pig delivery weight optimization in the 
first part of the review is found in the framework of mechanistically constructing the economic 
production function of pig farms. The production function mathematically describes the 
relationship and the transformation of inputs into output (Coelli et al., 2005). When information 
of the ratios between input and output prices is combined with the production function, the 
optimal level of output production and input allocation can be determined. According to this 
production economic framework, the fundamental factors and processes related to the pig will 
be handled before moving on to a higher level of the herd and the pig farm (Table 2-1). In part 
two of the review relevant bio-economic optimization studies will be discussed chronologically. 
Part 1: Factors and process related to pig delivery weight 
optimization  
2.2 Factors and processes at the animal level 
Animal growth and feed requirements 
The most fundamental and technical input to output transformation in pig production is the pig’s 
growth. Feed as main input is used to fuel the gain in body weight of the pig. A huge body of 
work has been done so far in describing and modelling the growth of pigs. Growth modelling 
has progressed tremendously from an empirical and deterministic nature towards mechanistic 
and stochastic growth models (Black, 1995). Empirical models attempt to describe 
experimental data with a mathematical equation for which the parameters are estimated to 
result in the best fit to the data (Black, 1995). The mathematical equation can have some 
limited biological basis (France and Thornley, 1984). Still, the resulting empirical relationship 
might not always be mechanistically relevant. In contrast, mechanistic or process-based 
models try to quantify a system by modelling its underlying mechanisms and processes with 
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mathematical equations and knowledge from fundamental life sciences as chemistry, physics 
and biology (Black, 1995). Regarding pig growth, mechanistic growth models describe live 
weight growth in terms of the chemical components that make up the pig, being protein, lipid, 
water and ash (Kyriazakis, 1999). This approach has resulted in improved insight into the 
biology of the pig’s growth and into practical applicable growth models for pigs (Banhazi and 
Black, 2009; National Research Committee, 2012; van Milgen et al., 2008). For illustrating 
such a mechanistic growth model, the schematic overview of the modelled biology behind the 
pig’s growth by Van milgen et al. (2008) is presented in Figure 2-1. 
The difficulty and challenge, however, to extensively incorporate these growth models into 
common practice and decision support tools lies in the calibration of these growth models to 
farm-specific situations. Accurate and affordable on-farm parameter estimation protocols are 
required but currently not available (Schinckel and De Lange, 1996). Main parameters used in 
these growth models are: daily whole-body protein accretion potential (Pdmax), partitioning 
between protein and lipid accretion of surplus energy intake over energy maintenance 
requirements, maintenance requirements for energy, and daily feed intake (Schinckel and de 
Lange, 1996). These parameters have been changed through years of genetic selection. Pigs 
of improved genotypes today deposit more protein and less fat at any level of energy intake 
(Dunshea and D’Souza, 2003). Moreover there are also effects of gender on these parameters. 
As a consequence, there are significant gender-genotype interactions affecting these 
parameters and the estimation of the parameters should be performed for each gender within 
each genotype (Schinckel and de Lange, 1996). Moreover, trials for establishing these 
parameters are often conducted at research institutes or breeding organizations under optimal 
conditions that deviate from commercial suboptimal conditions. Therefore (de Lange et al., 
2001) for example discriminate between a potential Pdmax (under ideal conditions) and an 
operational Pdmax (commercial circumstances) and urged for affordable protocols for on-farm 
estimation of this operational Pdmax without substantial loss of accuracy.  
Because of these genetic and gender-specific differences in lean growth potential (some 
breeds and genetic lines are more muscled than others), pigs have different nutrient 
requirements to sustain optimal lean tissue growth (i.e. maximal protein deposition while 
minimizing fat deposition). Animals first require energy and protein to fulfill their maintenance 
requirements, additional energy is needed to sustain physical activity and if necessary thermal 
regulation (van Milgen et al., 2008). Energy in surplus of these requirements is used to sustain 
energy needs for protein deposition and fat deposition. Protein deposition requires a well-
balanced availability of amino acids. An incorrect ratio between the different amino acids will 
limit protein deposition and lead the excess amino acids into deamination and catabolism of 




energy this is a very inefficient pathway for energy production. The essential amino acids need 
to come from dietary uptake since pigs cannot synthetize these themselves from metabolized 
protein while non-essential amino acids can be synthetized de novo (van Milgen and Dourmad, 
2015). The pig’s diet thus needs to be well-balanced in terms of energy and amino acids. 
Moreover these requirements are dynamic in respect to the animals’ weight and age. First, 
heavier animals need more nutrients in absolute terms to sustain their heavier body weight. 
Second, the protein deposition potential and feed intake capacity changes as pigs mature. 
Young growing pigs will not be able to ingest sufficient levels of energy to sustain their protein 
deposition potential until a certain gender and genotype specific body weight is reached (van 
Milgen et al., 2008). From the moment they are able to ingest sufficient levels of energy and 
their protein deposition potential starts to decrease, excessive fat deposition can occur. Since 
fat deposition is detrimental for feed efficiency because of its low water binding characteristics 
compared to protein deposition, it is costly to sustain. Moreover, consumers prefer lean pork, 
and thus excessive fat deposition should be avoided.  
 
Figure 2-1 Schematic overview of the mechanistic Inraporc pig growth model, adapted from 
Van milgen et al. (2008) 
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Voluntary feed intake 
The prediction of the pigs’ feed intake is even more difficult than predicting its growth. These 
two processes are however closely related, as feed intake can be seen as pushing growth or, 
vice versa, the growth potential of a pig seems to pull on feed intake (Strathe et al., 2009). 
Feed intake prediction or description is important because it is required to derive dietary 
concentrations to feed pigs in the most optimal and profitable way. Moreover, manipulating 
feed intake of the pigs is an effective way to affect growth rates, feed efficiency and carcass 
quality (Nyachoti et al., 2004). Still, the various factors that influence voluntary feed intake of 
pigs make predictions very difficult. Feed intake regulation in animals is a complex system of 
hormonal, physical and genetic components (Forbes, 2007). Thermal and social stress, poor 
health status and additionally management aspects such as stocking density, number of 
animals per group and feeder space affect feed intake (Nyachoti et al., 2004). Pigs’ genotype 
and genetic selection are important for feed intake as well. In some improved breeds, like the 
Belgian Piétrain, intensive selection on lean carcasses has indirectly selected against feed 
intake, rendering its growth performance for lean tissue growth sensitive to factors that reduce 
voluntary feed intake (Dunshea and D’Souza, 2003). These animals are at risk of not being 
able to consume enough energy to sustain their maximal protein deposition potential. 
Because it is so difficult to make accurate predictions of the pigs’ feed intake, an empiric 
description rather than a prediction of feed intake is most often used as an input into growth 
models (van Milgen et al., 2008). Schinckel and de Lange (1996) suggested to estimate the 
feed intake for groups of pigs by collecting feed disappearance data for groups of pigs in 
different weight ranges and fit these data to non-linear or polynomial functions. Nyachoti et al. 
(2004) suggest using mathematical models relating voluntary feed intake to the body weight 
of the animals. Often, either exponential models or asymptotic ones are used. These authors 
suggest that on well managed farms, collection of 6 data points over the entire finishing phase 
should result in fairly reliable feed intake and growth curves. However they should be collected 
at least twice a year to correct for possible seasonal influences. 
Feed efficiency 
Considering the high share of feed costs in the total costs for both farrow-to-finish (64.4%) and 
finishing farms (52.2%) (FOD Economie Prijzenobservatorium, 2015), the efficiency of the 
transformation of feed into growth is one of the most important performance indicators for the 
growing-finishing barn. In practice this indicator is denominated by the feed conversion ratio 
(FCR: amount of feed/amount of weight gain). Since it concerns a ratio indicator being the 
result of growth and feed intake, FCR is affected by numerous factors that influence growth 




are all dependent on proper barn management. With economic optimization of pig production 
in mind, factors that influence the marginal evolution in feed efficiency are important because 
of its impact on marginal feed costs.  
Regarding PDWO, the main focus of interest will be the extent to which the FCR aggravates 
with increasing body weight of the pig. In the paragraphs on pig growth it was already 
mentioned how the maintenance requirements to sustain a higher body weight increase with 
the pig’s live weight. This is one component aggravating the feed efficiency for heavier pigs. 
The other component is the decreasing protein deposition potential as the pig matures. The 
composition of the growth in heavier pigs will consist of relatively more adipose tissue. Since 
the water binding potential of adipose tissue is four times lower than for protein, the shift in 
growth composition is detrimental for FCR. 
In the two previous sections, we discussed already the genetic and gender differences 
between pigs in protein or muscle accretion potential and feed intake. It was stated that the 
dietary content combined with the pig’s feed intake should meet the requirements in energy 
and amino acids to sustain maintenance, thermoregulation and optimal lean meat deposition.  
The protein deposition potential of the pig is important for feed efficiency because protein 
requires less nutrients per unit of weight to accrete compared to adipose tissue which is more 
energy dense. Other factors then the intrinsic genetic potential can affect the protein deposition 
potential as well. Lower birth weights, in nests of highly prolific sow lines have been reported 
to negatively affect the feed conversion ratio of the piglets with the lowest birth weights (Gaines 
et al., 2012). The lightest foetuses suffer from impaired myogenesis due to uterine crowding 
and thus their number of muscle fibers to develop in post-natal life is lower than their heavier 
siblings. Their feed efficiency is lower because the lightest animals will have relatively more 
adipose tissue and due to the slower growth rate their maintenance requirements will be higher 
to reach the same weight as faster growing pigs (Gaines et al., 2012).  
Other management aspects such as floor and feeder space allowance can affect both the feed 
efficiency and the optimal throughput of the barn. The stocking density should not lead to 
increased morbidity and mortality because that would dramatically effect feed and total 
efficiency of the system. Still, specifically for feed efficiency, effects of higher stocking can 
reduce the growth rates of the animals due to lower feed intake. The slower growth rates will 
increase the feed requirements for maintenance and thus worsen feed efficiency. However, 
these adverse effect are partly offset because the reduced feed intake lowers back fat 
accretion and thus results in leaner carcasses (Gaines et al., 2012).  
Maintaining a high health status in the herd is also crucial to allow the pigs to achieve their 
most feed efficient growth. The immune response to pathogen exposure also demand nutrient 
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that can no longer be used for production of lean tissue (Johnson, 2012). Moreover, disease 
can lead to mortality and alterations in the pigs metabolism and the composition of tissue 
growth, resulting in an impaired feed efficiency (Dritz, 2012). Good biosecurity measures and 
proper cleaning between production cycles can thus improve feed efficiency (Tokach et al., 
2012; Dritz, 2012). Finally, good stockmanship aiming at proper adjustment and functioning of 
feeder, waterers and ventilation equipment can improve feed efficiency and animal 
performance and welfare in general (Tokach et al., 2012).    
Mortality 
Mortality rate in the finishing barn is an important parameter for measuring the performance of 
finishing pigs besides average daily gain and feed conversion ratio (Maes et al., 2004). High 
mortality rates dramatically affect the productivity of the pig farm. Despite of this importance, 
only few studies have elaborated on the mortality in finishing herds and a minority of these 
studies is applicable to European conditions (Maes et al., 2004). Overall mortality in the 
finishing herds is a multifactorial condition, but prolonged fattening duration was associated 
with higher mortality rates in the study by Maes  et al.,(2004). However these authors did not 
study patterns in the timing of deaths and suggested that the mortality risk might not be uniform 
throughout the fattening period. This lack of uniformity in risk for mortality was also suggested 
by Maes et al. (2001), as these authors found differences in weekly mortalities and differences 
in incidences of early and late mortalities. The relationship between fattening duration and i.e. 
weight of the animal and mortality risk is crucial for determining the economic impact of the 
mortality on the finishing operation and thus requires further investigation. Pigs that die 
represent a considerable investment and economic value which increases with their age as 
they consume more feed and gain more weight (Maes  et al. 2001). 
Dressing percentage  
Dressing percentage is an important production parameter for pig producers because it 
indicates how much saleable carcass weight is obtained from a certain amount of pig live 
weight. The pig’s carcass is mainly made up from muscle and fat tissue, which are later 
maturing components of the pig body compared to the other components like organs and 
bones. Therefore the dressing percentage increases with increasing body weight. Several 
authors reported this phenomenon. Gu et al.,(1992) estimated allometric growth coefficients 
for carcass weight relative to body weight for 5 different genotypes. The estimated allometric 
growth coefficient was significantly greater than unity, implying that carcass weight grew faster 
relative to body weight gain and thus that dressing percentages increased with increasing body 
weight. In addition (Albar et al., 1990; Cisneros et al., 1996; Correa et al., 2006; Latorre et al., 




percentage units per 10 kg of additional body weight. However, it is difficult to compare these 
studies because of the differences in genotypes, feeding regime, and weight trajectory that 
were applied in these studies. Moreover the definition of carcass weight, which determines the 
dressing percentage, may vary amongst studies making it difficult to compare results. The 
relationship between slaughter weight and dressing percentage is important in determining the 
value of the pig’s carcass and thus for optimizing the delivery weight of pigs. Dressing 
percentage is also subject to effects of gender and breed and other factors as feeding regime, 
pre-transport fasting period and transport. 
Carcass quality  
Carcass quality is an important aspect in the optimization of pig delivery weights because it 
affects the value of the carcass and the price pig producers obtain for their pigs. Carcass 
quality is closely related to the genotype, gender and growth of the pig. Breeds predisposed at 
high muscle growth will produce well-shaped muscled carcasses with a high lean meat 
percentage, if fed adequately. Previously, the effect of feeding and feed composition on the 
growth pathways explained how inadequate feeding can provoke excessive fat deposition 
which is detrimental for the lean meat percentage and the quality of the carcass. Other less 
muscled breeds can still produce acceptable lean meat percentages but the carcass will have 
an inferior conformation. The conformation is important because it affects meat yield and the 
shape of the retail cuts from the carcass (Fisher et al., 2003). Consequently, the value of the 
carcass in the slaughterhouse is based on its weight, fat level or lean meat percentage and its 
musculature (Fisher et al., 2003). Slaughterhouses therefore adopt quality incentive pricing 
schemes with premiums and discounts dependent on desirable carcass weight ranges and 
lean meat percentages (Boland et al., 1993). Dependent on the region, as for Belgium, special 
grading systems are adopted for carcass conformation which further affect prices payed to the 
pig producers (Fisher et al., 2003). Considering these quality incentive payment schemes, an 
important aspect in the determination of the optimal delivery weight is the evolution of these 
quality parameters with increasing delivery weight. For example, the evolution of lean meat 
percentage of the carcass with increasing slaughter weight is important to monitor, because 
fat deposition can increase dramatically at the end of the finishing stage (Correa et al., 2006) 
and thus negatively affects lean meat percentage and output price. Moreover, this evolution is 
gender-dependent, with gilts and barrows deteriorating more in lean meat percentage 
compared to boars as live weight increases (Xue et al., 1997). 
Once these relationships between carcass quality and live weight have been established, the 
relationship with the price premiums or discounts allotted in the slaughter house should be 
determined to accurately describe the evolution of the value of a pig’s carcass with increasing 
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slaughter weight. This can be a difficult issue since full transparency on how the carcass quality 
traits are valued in the output price is often not available and it can differ from slaughterhouse 
to slaughterhouse. Such unclear pricing systems recently have caused distrust in the 
slaughterhouses in Germany (Schulze et al., 2007a,b). In Flanders, recently the pricing 
scheme of the market leader has become more transparent with a clear description of the 
premiums and discounts for carcass weights and carcass quality and other premiums related 
to delivery frequency and batch size of deliveries. 
The unique Belgian Piétrain as primary terminal sire in Flanders 
The Flanders pig industry is dominated by crossbred pigs from the highly muscled Belgian 
Piétrain terminal sire. In 2016, the domestic sales volume of semen in Flanders consisted of 
63% Belgian Pietrain followed by 12% Dutch Piétrain, 9% French Piétrain, 7% German 
Piétrain. The remaining 10% consisted of other breeds and hybrid sires (De Vidts et al., 2017). 
With the previously described animal factors in mind some special reference to the Belgian 
Piétrain is needed, given its large market share in the industry. 
The Belgian Piétrain is a genetic line that has been selected intensively for lean meat 
deposition (Millet et al., 2011b). As stated before, this selection for lean carcasses had a 
negative side effect on the feed intake capacity of the breed (Dunshea and D’Souza, 2003). 
As a consequence the growth rate of these pigs is often lower to other breeds like the Duroc, 
while feed efficiency is similar (Edwards et al., 2006).   
The high degree of musculature, results in higher dressing percentages compared to the Duroc 
progeny (Latorre et al., 2003). The downside of this intensive selection for lean carcasses is 
the (unintended) selection against intramuscular fat content (Sellier et al.,1998). The observed 
lower intramuscular fat contents in Piétrains compared to other breeds (Latorre et al., 2003) 
negatively affects the eating quality of the pork. The eating quality of pig meat is positively 
affected from a intramuscular fat content of at least 2% (Fernandez et al., 1999). For the 
Piétrain sire lines this can become a concern in view of the future ban on surgical castration, 
since entire males produce even leaner carcasses with intramuscula fat contents. For example 
in the study by Gispert et al. (2010), percentages of as low as 1.8% were observed for entire 





2.3 Factors and processes at barn and farm level 
Heterogeneity of the pig herd 
Heterogeneity of a pig herd in terms of growth rate variability is important for pig farms because 
it affects the optimal marketing strategy. Considering the slaughterhouses’ payment schemes 
based on carcass weights, differences in growth rates of pigs resulting in a distribution of 
carcass weights may provoke price discounts for both under and overweight pigs if a batch is 
delivered all at once (Boys et al., 2007). Segregated marketing of pigs according to their growth 
rate is the only strategy to manage the inevitable level of variability, that cannot be eliminated 
by other interventions (Huang and Miller, 2004). Heterogeneity in growth rates within a pig herd 
is inevitable. While pigs can be of a similar genotype, they will not be genetically identical and 
thus can differ in their growth potential. Additionally, other factors affect this inter-pig variability 
as well. A certain degree of variability originates from the conditions in the uterus of the sow 
provoking variability in birth weight of the piglets. These lighter piglets are believed to be 
physiologically and socially more compromised compared to their heavier siblings and are less 
successful in competing for resources (Patience and Beaulieu, 2006). Later, in the growing-
finishing phase this innate variability can be aggravated further by differential pathogen 
exposure and health status of the pigs and by competition for limited resources such as feed 
and water (Patience and Beaulieu, 2006). These authors thus argue that some minimal degree 
of variability cannot be eliminated and should be managed by segregated marketing, while 
larger degrees of variability indicate other management problems which should be addressed 
and should lead to a reduction in variability. 
Consecutive batch operation and optimal replacement 
The factors, previously described, suffice to establish the production function and to optimize 
the delivery weight and marketing of one batch of pigs for a farm that produces only one batch 
of pigs per year. The production function is then deemed timeless or not bounded by time 
(Winder and Trant 1961). Contemporary intensive pig production, however, consists of a 
continuous sequence of production cycles, characterized by a certain duration. This system is 
time-bound because a current production cycle competes for time with a consecutive one. In 
this case, profit maximization cannot be based on considerations of a single production cycle. 
Profit maximization per delivered pig or per batch of delivered pigs becomes inadequate, 
because the trade-off between the cycle duration per batch and the barn turnover rate (i.e. the 
number of production cycles per year) is not taken into account. Instead, pig delivery weight 
optimization should be approached as an optimal replacement problem (Chavas et al., 1985) 
and the opportunity cost of replacement should be considered by maximizing profit per unit of 
time.  
  LITERATURE REVIEW 
23 
 
Production schedule: All in- All out  
The trade-off between finishing duration per batch and barn turnover rate has larger 
implications for delivery weight optimization on farms that work according to the All in/All out 
(AIAO) principle instead of continuous restocking. With continuous restocking, finishing units 
are continuously occupied with pigs. Batches of marketed pigs are instantaneously replaced 
by new weaner piglets. Under AIAO, farmers keep groups of pigs, closely matching in age and 
origin, (and hence also weight and requirements) together in the production process. This 
management reduces risks for disease transmission, because animals of different age are not 
mixed and AIAO creates sanitary vacuums, during which facilities can be cleaned and 
disinfected (Scheidt et al., 1995). The opportunity cost for replacement becomes crucial 
because a consecutive production cycle can only be initiated from the moment the last finished 
pig in the current cycle has been marketed and the facilities have been cleansed. Under AIAO 
profit-maximization per delivered animal, is probably sub-optimal to profit-maximization per unit 
of time.  
While strict adoption of AIAO would imply that all animals would leave the fattening facilities 
together, in practice often segregated marketing is adopted to prevent the price discounts due 
to the variability in growth as was explained earlier. Still, the importance of the issue of 
variability is increased further by the adoption of an AIAO production system. Of concern in 
this production-schedule is the management and marketing of the slowest growing pigs that 
delay the restocking of the finishing facilities. If the variability in growth rates leads to wide 
distribution in pig weights, facility occupation rates can decrease considerably. 
Farm type: a strategic decision that affects short term flexibility in PDWO  
The interdependency of decisions at different management levels is an important aspect in 
PDWO. These different management levels concern strategic (long term), tactical (middle 
term) and operational (short term) decisions (Huirne, 1990). Strategic decision-making 
involves the development of long-term strategies to increase the profitability and 
competitiveness of your farm business. In simple terms, it is about determining the ‘right things 
to do as a farm’ and concerns specialization, size and design of the farm. A level lower, one 
finds tactical decisions that have to keep the farm on course for achieving its long term goals. 
Again in simple terms, these decisions are about doing the things right. At this level, for 
example for farrow-to-finish farms one can think of choice of which hybrid sow or type of 
terminal sire line to apply. Finally, the operational level concerns organizing the weekly to daily 
farm functioning to get the things done. 
The production structure of the pig farm, i.e. being a farrow-to-finish farm producing its own 




short term or operational flexibility in modifying the delivery weight. On farrow-to-finish farms 
adopting AIAO, the supply of weaned piglets at regular intervals urge the farm manager to 
timely empty a finishing unit for cleaning the unit and restocking with feeder piglets, to clear a 
nursery unit for the new batch of weaned piglets (Toft et al., 2005). This inflexibility in the 
weaner piglet supply will not give much leeway to extend the finishing duration to reach a 
higher delivery weight if needed to optimize the delivery weight of the fattening pigs. For this 
reason it seems unlikely that farrow-to finish farm managers can extend the finishing duration 
with a few days to one week, to anticipate on price expectations for optimizing the delivery 
weight of the last pigs of the current batch in the fattening facilities. This would upset their 
production schedule and may cause logistical and organizational problems. On this type of 
farms the timing to market the last remaining animals in a fattening unit (terminal marketing) is 
fixed at the operational level (Kure, 1997). Postponing these terminal marketing dates and thus 
extending the fattening duration of a batch needs strategic or tactical adjustments to the supply 
of weaner piglets (Kure, 1997). Shortening only the fattening duration of the current batch, i.e. 
advancing the terminal marketing of the current batch to anticipate on price expectations can 
be done on the short term operational level. This will only extend the idle time between the 
current and the following batch of pigs and will not change the barn turnover rate, i.e. the 
number of production cycles per year. Again, strategic planning of the weaner piglet supply is 
needed if the farm manager wants to advance all the terminal marketing dates and thus 
increase the annual barn turnover rate of the fattening facilities. 
For fattening farms, that purchase feeder piglets from multiplier farms, it might be expected 
that the feeder piglet supply is more flexible than for the farrow-to-finish farms. Total flexibility 
in feeder piglet supply, i.e. purchasing the needed amount of piglets from several sources at 
the suited time can be assumed. However, in practice fattening farms can have strong 
commercial relationships with just one or a moderate amount of multipliers to provide the 
feeder piglet supply. In this situation, the fattening farm has to synchronize with the production 
schedule of its suppliers. Moreover, to benefit fully of the reduced risk of disease transmission 
under AIAO, it is advised not to group feeder piglets from different multipliers in one batch. As 
for farrow-to-finish farms, it holds for fattening farms that they can occasionally advance the 
terminal marketing of a batch to anticipate price expectations on the market on the operational 
level. This will only extend the idle time between the current and the consecutive batch. Again, 
when fattening farms want to increase their barn turnover, negotiations with their feeder piglet 
suppliers are needed at the tactical level. If they want to instantly (at the operational level) alter 
barn turnover rates, fattening farms will probably have to alter their feeder piglet supply tactics 
from fixed and regular supply from a moderate number of familiar multipliers to buying the 
piglets at the spot market from unknown sources.  
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Table 2-1 Summary of animal, herd, farm and slaughterhouse related factors of importance 
for the economic optimization of pig delivery weights 
Level  Factor Explanation 
Animal  Marginal evolution in feed 
efficiency needs: 
The efficiency of transforming feed into body weight by 
the pig importantly affects the evolution in feed costs.  
  
Description daily growth  Daily growth rate affects marginal revenues and 
determines feed efficiency 
   
Description daily feed         
intake 
Feed intake is a driver for weight gain and determines 
feed input  
  
Sexe  Sexe of the pig affects feed intake, feed requirements, 
growth rate and carcass quality 
  
Genotype Genotype importantly affects feed intake, growth rate 
and carcass quality 
  
Carcass quality Important factor in the output price payed for pigs  
      Dressing percentage Determines the amount of saleable carcass from a 
certain live weight of the pig 
  
      Carcass weight Important for pricing of pigs: discounts and premiums 
exist for (un)desirable carcass weights 
Carcass weight affects: dressing percentage, lean 
meat percentage and carcass confirmation 
  
      Lean meat percentage Premiums and discounts depend on lean meat 
percentage of carcasses 
Lean meat production is more feed efficient than 
production of fat 
  
      Carcass confirmation Additional factor in pricing of pigs in some regions  
Herd  Heterogeneity in growth 
rates 
Affects optimal marketing of pigs as a function of the 
premiums and discounts for carcass weights 
  
Mortality rate and timing Overall mortality lowers the barn productivity. 
Timing of mortality affects the economic impact of 
mortalities. 
Farm  Consecutive batch 
operation 
Optimization needs to be done per pig place per unit 
of time instead of at batch or pig level. 
  
All-in/All-out (AIAO) or 
continuous restocking 
With AIAO a fattening room needs to be completely 
emptied before new piglets can start a new production 
cycle which increases the importance of trading-off 
fattening duration and barn productivity  
  
Farm type: affects rigidity 
in piglet supply 
Determines short-term flexibility in decisions on 
extending finishing duration 
Slaughter- 
house 
Pig pricing based on: 
Carcass weight 
Lean meat percentage 
Confirmation 
Incomplete transparency on valuation of carcass 




Part 2: Review of relevant bio-economic optimization studies 
In this part of the literature review, the focus lies on bio-economic optimization studies dealing 
with aspects involved in PDWO or which were specially dedicated to PDWO. The studies 
include many of the factors described in the previous section of the literature review. Attention 
is given to the motivation, methodology and main insights obtained from the studies. The main 
highlights are summarized in (Table 2-2). 
2.4 Least-cost feed ration studies 
Since feed is one of the major inputs in pig production, numerous studies have focused on 
economic optimal feeding rations. The following summary of studies chronologically describes 
studies that have focused on this topic in pig production. In these studies optimal delivery 
weights often have been a complementary result instead of the main focus. The overview also 
illustrates how advances in animal science have led to further fine tuning in bio-economic 
modelling of pig production. 
The studies by Heady et al. (1976) and Sonka et al. (1976) were motivated by large fluctuations 
in corn prices after 1970 as consequence of crop failures due to corn blight. The goal of their 
studies was to establish gain isoquants and estimate substitution ratios between corn and 
protein supplements. Based on these substitution ratios they could calculate appropriate least 
cost feed rations to maximize profit per batch or per unit of time. This way they accommodated 
both farms that have their finishing facilities idle for a considerable period per year and farms 
that continuously utilize their finishing facilities throughout the year.  
The protein-corn substitution rates were based on a static analysis of an animal trial in which 
animals were fed feed rations varying in protein level for three specific and relatively wide 
weight trajectories. It was a static analysis because the estimated substitution relations were 
only valid for the specific predetermined weight trajectories. Statistical estimations of time to 
attain the specific weight gain of the three weight trajectories were made as function of the 
ration composition. With this approach they could calculate the least cost ration to feed a pig 
up to a predetermined delivery weight or the ration which led to the least time required to reach 
the predetermined delivery weight. As such the delivery weight was not varied or optimized. 
The relationship between carcass quality in terms of lean meat percentage and output price 
was not considered. However the authors did mention that the least-time rations could increase 
carcass fatness which consequently could affect output price under some pricing schemes. 
Heady et al. (1976) analyzed for both profit maximization per batch and profit maximization per 
per unit of time the effect of price fluctuations on optimal diet composition. The feed ration 
under profit maximization per batch always resulted in longer finishing periods compared to 
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profit maximization per unit of time. The protein levels in the feed rations under the latter 
decision rule were also relatively insensitive to price fluctuations as compared to the rations 
under the profit maximization per batch. The authors concluded that for farmers that ran their 
facilities continuously, feeding more animals per year was still more profitable than reducing 
protein levels to lower feed costs and extending the length of the feeding period for each batch. 
Sonka et al. (1976) concluded from their comparison of feed costs between an industry-
standard recommended diet and their optimized diet that cost savings were rather small. 
Therefore they argued that decision procedures to provide farmers with information cannot be 
costly, because high acquisition and utilization costs will not be attractive if the savings to be 
gained are small. 
Glen (1983) used a dynamic programming model to determine least-cost rations for pigs of 
specified weight and carcass quality. His optimization model was based on one of the earliest 
more mechanistic growth models developed by Fawcett et al. (1978), modelling pig growth in 
terms of protein deposition and fatty tissue accretion. The states in the model were defined as 
amounts of weight gain. The state transitions were based on the mechanistic growth model. 
For each state transition, a linear program which minimized the feed ration cost was executed, 
determining the optimal ration composition. The author also elaborated on how the model could 
be extended to relax the assumption of the predefined carcass weight and quality and optimize 
feeding rations, delivery weight and carcass quality corresponding to specific market 
conditions. The author argued that the model was suitable as a research tool and for advisory 
work to pig producers and however, further developments would have been required to make 
it directly accessible to pig producers.  
2.5 Integrated feed and delivery weight optimization 
In the first section of the review, we qualitatively described the relation between gender, 
genotype and nutrient requirements for optimal pig growth. In addition, we described how these 
relationships also affect carcass quality. These relationships have also been incorporated in 
bio-economic optimization to consider carass quality as a control variable in optimal feeding 
and slaughter decisions. Moreover, these relationships also affect the nutrient emission to the 
environement. This evironmental aspect has also been investigated in some studies.  
Chavas et al. (1985) criticized the historic static analyses of optimal pig feed rations because 
it did not properly describe the dynamic evolution in input to output transformation of biological 
production processes. They proposed to use a differential equation to model growth and 
describe the dynamics of the production process. It allowed to incorporate nutritional 




differential growth equation corresponded to the state-transition equations in the optimal 
control theory from OR.  
The transition equation describing the growth rate at moment t was defined as the difference 
between I) the nutrients ingested, depending on feed intake and II) maintenance requirements 
as a function of metabolic weight. They applied their growth model to experimental data of 
barrows and gilts which had been fed with feed rations differing in protein levels of 12, 14 and 
16 %. This way they obtained a description of growth rate in terms of daily ingested protein, 
daily metabolizable energy intake and life weight of the pig. A quadratic relation between the 
pig’s live weight and pig price discounts was used in the economic optimization. The 
optimization problem was solved in two steps. First, the feed composition and delivery weight 
were optimized conditional on specific marketing times. Second, a numerical search 
determined the optimal marketing time for a continuous stream of consecutive batches.  
The authors also conducted a sensitivity analysis varying input and output prices with 10% to 
investigate the impact of long-run prices changes. They concluded from their analysis that 
price premiums and discounts were very effective in influencing the delivery weight of pigs. 
They found the optimal weights always to be located near the maximum of the price premium 
function. Based on their sensitivity analysis, they concluded that the purchase price for feeder 
piglets substantially affected delivery weights of pigs. Increasing feeder piglet prices led to 
increased delivery weights and higher feed input. In contrast, an increase in output price in the 
long run led to lower delivery weights to increase the total annual output of the fattening barn.  
An optimization model that allowed to consider nitrogen output to the environment in the 
objective function was developed by Jean Dit Bailleul et al. (2000). This optimization model 
integrated optimal diet compositions in a two-phased feeding regime with optimal delivery 
weights. Animal growth was modeled deterministically and dynamically, according to the 
principles of Whittemore (1983) and described growth in terms of accretion of protein, lipids, 
ash and water. Daily gain was determined by the animals potential to deposit protein or by the 
availability of the first limiting amino acid lysine. The protein deposition potential of the animal 
was described by the non-linear Gompertz model as a function of age. Feed intake predictions 
were based on the animals’ weight and the digestible energy level of the pigs’ diet. The 
ingested energy in excess to the requirements for maintenance and protein deposition was 
directed to lipid deposition. Assuming a fixed energy level in the diet, minimal dietary amino 
acid concentrations were formulated as g per mega Joule of digestible energy and 
corresponded to the amino acid profile of an ideal protein. These requirements were used in a 
linear programming model including 17 feedstuffs to perform least-cost diet calculations. Then 
an overall optimization algorithm based on the gradient method was used to find the optimal 
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length of the first feeding phase and the optimal fulfillment of the protein requirements given 
the objective function. Based on the animal response to the diet, the lean meat percentage 
and carcass weight were estimated and used in the calculations of revenue. A pricing scheme 
based on carcass weight and lean meat percentage was assumed.  
The authors used this model to compare the diet formulations and profitability when different 
technical or economic criteria were maximized. They concluded that maximization of technical 
criteria such as maximal average daily gain, maximal feed efficiency or maximal carcass 
muscle content led to inferior economic results. When the objective was to maximize annual 
net return per pig place dietary protein concentration only fulfilled 92% of the maximal protein 
requirements. However, in terms of ecological impact, maximizing average daily gain or 
minimizing finishing duration resulted in the lowest nitrogen output to the environment. The 
model also allowed to analyze the effect of genetic improvement to the protein deposition 
potential and the appetite of the animals. They concluded that higher protein deposition 
potential and higher levels of appetite would produce large increases of profitability. The 
analysis also indicated that feeding policies for aimed at maximal revenue are relatively 





2.6  Optimal marketing of heterogeneous pig herds  
In the qualitative overview of important factors for PDWO, we considered the carcass quality 
pricing schemes adopted by slaughterhouses to incentivize pig farmers towards specific 
carcass weight ranges. We also noted how these schemes might require pigs to be marketed 
in multiple stages because of variability in growth rates. In the following we will review studies 
that quantitatively focused on this specific management problem and provided insight into the 
benefits of practicing such multi-staged marketing policies. 
One of the earliest studies that dealt with the optimal marketing strategy of finisher pigs was 
executed by Giesen et al. (1988). In this study a two-step marketing optimization model was 
developed. In the first step the evolution in gross margin per animal was calculated for each 
day in finishing for each of the 10 percentiles in a normal distribution of pig weights. In the 
second step of the model, the optimal delivery policy is determined with the assumption that 
the delivery moment of the slowest growing animals determines the annual barn turnover rate. 
The normal distribution was assumed to model the variability in pig weights. In the default 
scenario, a standard deviation of 8 kg at 90 days in the finishing period was assumed. Growth 
and feed intake were modelled with empiric dynamic models. Differences in growth rate 
between animals were assumed to stem from differences in daily feed intake and not from 
differences in feed conversion ratios. Empiric relationships with carcass weight as explanatory 
variable for meat percentage and carcass conformation were used to model the output price 
dependency on carcass quality. The desirable carcass weight range not resulting in price 
discounts ranged from 73 to 93 kg.   
In their analysis, the authors compared the situations in which pigs were delivered all at once 
or delivered in multiples stages with the minimal time lags between consecutive deliveries of 
one, two or three weeks. The highest average delivery weight and highest gross margin per 
pig place per year were obtained from a delivery policy including four deliveries over a four-
week period. The first three deliveries consisted of each 10 percent of pigs and the final fourth 
delivery consisted of the other 70 percent. The effect on the gross margin per pig place per 
year of constraining the deliveries to every two or three weeks was limited (-3% and -4% 
respectively). The difference with delivering pigs all at once was 12 %. The constrained delivery 
policies provoked lower average delivery weights compared to the policy with 4 weekly 
deliveries. 
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Other examples of studies focused on the optimal marketing of finishing pigs are those of 
Huang and Miller (2004) and Boys et al. (2007). Huang and Miller (2004) analytically solved 
the marketing optimization for a finishing barn of 1020 pigs under AIAO and producing as a 
continuous batch operation. In order to analytically solve the problem they assumed the 
average animal in the population to be characterized by a linear growth equation and a cubic 
feed intake equation as functions of days in the finishing period, proposed by Andersen and 
Pedersen (1996). To model the variability in the pig herd, they also assumed a normal 
distribution with a constant coefficient of variation (standard deviation/mean live weight) to be 
10%. Carcass weight based discounting of the base pig price was done with a quadratic 
function of the pig’s live weight. Further, they constrained the model to market the barn in 
truckloads of 170 pigs each. The model did allow to market multiple truckloads per day. With 
their analytically derived optimization rule, they showed that for the first five truckloads the 
optimization merely has to focus on profit maximization per batch, thus marginal revenues 
should equate marginal costs of production. For the terminal batch however, the optimal 
marketing moment is found where the marginal profit of the terminal batch equates to the 
average profit per pig per unit of time.   
Similar to Giesen et al. (1988), Huang and Miller (2004) reported a dramatic difference of 40% 
in profitability between marketing policies in which six truckloads are marketed at different 
dates or marketing all the animals at once. In this situation, marketing the pigs took place over 
a period of about five weeks. The authors also analyzed the effect of varying the degree of 
variability in the herd. From this analysis they concluded that accounting for variability in growth 
rate between pigs is crucial because recommendations based on the average animal in the 
population will overstate the optimal marketing weight and the profitability of the finishing 
operation. They also could determine the coefficient of variation in the herd that led to an 
economic break-even result when marketing all animals at once (CV=15%) and when 
marketing animals in six separate deliveries (CV= 30%).   
The study by Boys et al. (2007) was similar to that of Huang and Miller (2004) regarding that 
they also optimized the marketing strategy for a 1000 head barn of pigs in 5 truckloads of 170 
pigs each and the sixth truckload  of 150 pigs. They also assumed continuous batch production 
and adoption of AIAO. The major difference with the study of Huang and Miller (2004) was the 
use of a stochastic non-linear compositional growth model, developed by Schinckel et al. 
(2003). This model allowed to model individual animals in terms of protein accretion, fat 
accretion and also relate these to variability in the feed intake of individual pigs. The 
compositional growth model also allowed to account for the variability in lean meat percentages 
of the individual animals. Two existing payment schemes from a slaughterhouse were used in 




carcass weight. However, the authors argued that farms generally don’t dispose of information 
on lean meat percentage prior to marketing of the animals and thus their marketing selection 
criterion of individual animals was solely based on their carcass weight.  
For the analysis of the optimal marketing strategies, 100 random herds were simulated with 
the stochastic growth model. The results indicated that the all-at-once delivery strategy was 
suboptimal compared to a multiple marketing strategy for each of the simulated herds. 
However, the amount of different marketing moments was limited. The majority of the 
simulated herds (91%) were marketed in 2 separate stages. The other 9% of herds were 
optimally marketed on three different dates. Moreover in the three-staged marketing policy, the 
last delivery took place on average one day later than the second delivery. The differences 
between the pricing schemes however did affect the optimal marketing strategies. The 
simulations with the scheme in which the desirable weight range was the smallest, showed 
that the optimal marketing policies for 80% of the herds consisted of three stages. Again the 
time lag between the second and the last delivery was on average one day. From these results 
the authors argued that practicing multi-staged marketing only lends itself to prevent price 
discounts for the heaviest animals. The opportunity cost for the lower occupation of the facilities 
while waiting for the slower growing pigs to reach their optimal weight is too high. Direct 
replacement with a next batch of pigs was more profitable. The results on the delivery weights 
in the different stages also indicated that the majority of the faster growing pigs reaches a 
delivery weight near the upper limit of the desirable carcass weight range. 
In all the previous studies on optimal marketing, the ability of farmers to perfectly select 
individual animals for marketing was assumed. In practice however, farmers are generally not 
able to observe latent traits such as carcass weight and lean meat percentage, unless state-
of-the-art camera technology is applied. The information on carcass weight and lean meat 
percentage only becomes available after delivering the animals to the slaughter house. For 
this reason, studies by Jørgensen (1993) and Kure (1997) focused on the effect on marketing 
results from using different selection criteria and extra information. Jørgensen (1993) focused 
on the value of high levels of precision in live weight observations to select pigs for marketing. 
For this analysis, a hierarchical Markov process was used to optimize delivery policies based 
on live weight observations with varying precision. He concluded that the difference in 
marketing results between policies based on visual inspection of the animals and automated 
weighing equipment was rather low. These limited benefits from improved marketing could not 
remunerate the costs of individual pig recognition (RFID ear tags) and automated weighing 
equipment. The author advised that electronic weighing equipment should be cheap and 
should be able to weigh a large amount of pigs. However, he argued that current sectioned 
facility design would hamper efficient use of the weighing equipment. Moreover he advised 
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that the information should be used to improve other management aspects instead of merely 
focusing on optimal marketing. Similarly, Kure (1997) found little economic incentives to 
perform on-farm measurements of the leanness of pigs in addition to live weight observations 
to optimize marketing policies.  
2.7 Precision feeding and marketing in precision livestock farming context 
Recently, optimization of pig production has been revived in the context of emerging precision 
livestock farming technologie. In the following, we first give an overview of a study by Niemi et 
al. (2010) focused on precision feeding and PDWO. Second, we summarize a study by 
Kristensen et al.(2012) focusing on optimal marketing support based on automated individual 
weight registrations.  
Niemi et al. (2010), constructed a mechanistic and stochastic compositional growth model and 
incorporated it into a dynamic programming model to analyze the benefits from switching from 
a two-phase feeding system towards precision feeding. With the former feeding technology, 
pigs would be fed consecutively with two different rations varying in protein and energy content. 
The rations’ composition and timing of switching from one to the other ration would be 
optimized regarding the market prices for barley, soybean meal and slaughter pigs. 
Calculations of revenue took into account a carcass grading system based on the weight and 
lean meat percentage of the carcass. In the precision feeding scenario, the composition of the 
pig’s diet was optimized on a daily basis to better align with the dynamic requirements for 
energy and protein of the pig. For both feeding technologies, it was assumed that the farmer 
disposes of perfect information on the pigs’ growth potential and feed requirements. 
Additionally, perfect information on the state of the pig in terms of body weight and lean meat 
percentage throughout the growing-finishing period was assumed. 
The authors conducted a sensitivity analysis varying the different market prices for pigs, 
piglets, barley and soybean meal and for increased variation in the growth potential between 
individual pigs. From this analysis the benefits from switching from two-phase to multi-phase 
feeding were estimated to amount between € 1.35 and €1.88 per pig place per year. However, 
from these benefits investment costs, additional labor and maintenance for switching to the 
multi-phase feeding technology should still be subtracted. The impact on annual return by the 
changes in market conditions were more profound than the switch from one feeding technology 
to another, from which the authors suggested that farmers should pay more attention to 





A decision support system for optimal marketing of growing-finishing pigs based on real-time 
automated body weight observations was developed by Kristensen et al. (2012). A dynamic 
linear growth model was used to describe the growth of animals in a specific pen. The stream 
of on-line weight registrations was used to update the value of a scaling parameter that 
describes the growth of the pigs in a specific pen in relation to a priori expected growth curve 
for the population. Consequently, improved predictions for future growth of the specific pigs 
can be made through Bayesian updating. From the individual weight registration also better 
estimates of the evolution in growth rate variability between pigs could be obtained. This 
learning algorithm for growth modeling of pigs was used to store data on the current state of 
the pen into a database. A multi-level hierarchical Markov process was used to develop a 
database with pre-calculated optimal delivery policies, considering either flexible feeder piglet 
supply or constant feeder piglet supply at predetermined regular intervals. This database 
considered different market conditions and used the information on growth rates and numbers 
of animals in the pens. The decision support system proceeded by using the on-line weight 
registrations at a given point in time to update the current state of the pen and its predicted 
future growth. The system then used this updated information on the state of the pen to identify 
the optimal policy in the database with pre-calculated optimal delivery policies. Consecutively, 
the system then proposed the optimal action in terms of delivering all pigs in a pen weighing 
more than a specific threshold live weight. From the database with the automated weight 
registrations the system could then determine the exact amount of pigs from a pen to be 
delivered at the next delivery.  
The model generally suggested a pen of pigs to be delivered over a 7 week period. The authors 
argued that this result would not be observed in practice for two reasons: I) because farmers 
underestimate the benefits from optimized marketing and II) the model does not account for 
extra labor costs involved in multi-staged marketing. The results of varying the degree of 
variability within the pens showed more deliveries for inhomogeneous pens under flexible 
feeder piglet supply compared to more homogeneous pens. For pens on farms with constant 
regular feeder piglet supply, the slower growing pigs were cut-off before reaching the optimal 
weight per pig.  
Recently, the model by Kristensen et al. (2012) has been extended by Pourmoayed et al. 
(2016) to include on-line information from automated feeding equipment to integrate decisions 
on switching feeding phases and marketing decisions. These authors use two state space 
models for a Bayesian forecasting approach to forecast growth and feed intake on a weekly 
basis. Time series data for weight and feed intake from on-line monitoring sensors in the pens 
are used as input for forecasting. These two state space models are used in a Hierarchical 
Markov Decision Problem (HMDP) to describe the state transitions. In an HMDP, different 
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decisions are situated at different levels in order to reduce the total number of possible states 
in the model. The initial level is called the founder level and is considered as an infinite time-
horizon process. In this founder level, the lower level decision processes are combined. Each 
of the lower “child” decision levels are considered as semi Markov Decision Processes with a 
finite time-horizon. The HMDP model for optimizing pig feeding and marketing by Pourmoayed 
et al. (2016) consist of three levels. The founder level describes the lifespan of a certain amount 
of pigs in a pen until the termination of the batch. The second level describes the decisions on 
feed mixes and feeding transitions. A stage at this level corresponds to a feedings phase in 
which pigs are fed a specific feed mix. At the lowest third level, a specific week in the course 
of the current production cycle under the feed mix chosen at level two is described. 
The model then determines optimal feed transitions and marketing decisions for specific pens 
(Figure 2-2) based on Bayesian updating of animal performance and considering the prices 
for feed mixes and pig pricing based on carcass weight and lean meat percentage. The authors 
argue however that the current approach assumes continuous restocking of pens which 
disregards the need for total clearance of a finishing room before restocking with new piglets. 
A higher “barn” level should ideally be included in the modelling framework but would increase 
the total number of states in the model dramatically. Similarly, weekly price variations for pigs 
and feed could be included but would increase the number of model states exponentially. Other 
solution techniques like approximate dynamic programming methods would be required or 
other state variables would have to be deleted from the modelling framework (Pourmoayed et 
al., 2016)   
 
Figure 2-2 Optimal policies for three pens differing in growth rate: pen 1: 20% slower growth 
compared to pen 2 and pen 3 20% faster growth compared to pen 2. The upper level shows 
the optimal feeding decisions and the lower level shows the optimal market and termination 




























































































































































































































































































































































































































































































































































































































































































































































































































































































2.8 Concluding remarks 
In the first part of this review, crucial factors and processes for describing and analyzing the 
pig delivery weight optimization have been identified. Logically, the basic and most important 
processes to take into account are the growth of the pig that is being realized from its nutrient 
intake. Genotype and gender are important factors that affect these processes. Moreover the 
impact of the interaction between genotype, gender and appropriate feeding on output quality 
has been identified as well. 
In the second part, we have observed and described a list of studies that have incorporated 
the state-of-the art zootechnical knowledge of their time, into models of diverse nature to either 
optimize feeding or optimize feeding and delivery decisions at the same time or focus on 
optimal marketing strategies. While in the earlier literature, decision rules for this optimization 
were still stratified according to farms that used their facilities continuously or only during a part 
of the year, the later studies only consider profit maximization per unit of time on farms with a 
continuous batch operation and adopting AIAO. The most recent studies revisited the pig 
delivery weight optimization in a new context of precision livestock farming, applying the 
advancements in statistical modelling to on-line streams of automated sensor technology.  
In general, the presented studies approached the PDWO problem by incorporating the most 
advanced methods and scientific knowledge into their optimization models to improve 
accuracy of the results. Some authors briefly commented on further steps to be undertaken for 
applying their models in practice. However, no evidence was found in the studies confirming 
that the assumptions and the choice of decision variables in the models were discussed with 
stakeholders and if needed, adapted accordingly to align better with the decision context of the 
stakeholders. This issue is the starting point of our approach in which we will reframe the 
PDWO problem with the stakeholders prior to model development. In this process we will 
exploit and benefit from the rich resource base about PDWO that other scientist have provided 
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Contribution to the dissertation: 
This chapter presents the process and results of the participatory decision problem analysis 
on the optimization of pig delivery weights. Herein, the results from chapter 2 served as the 
scientific knowledge input that was combined with the stakeholder knowledge in the 
participatory process. The results of this process had considerable impact on the other 
chapters of the dissertation. The main outcomes of the research presented in this chapter 
were I) the reorientation towards a learning support tool instead of a decision support tool for 
routine use, II) the identification of the limited on-farm data availability that needed 
consideration and III) a mutually endorsed list of factors to focus on in further model 
development. 
The application of the insights from chapter 2 as preparation in the participatory DPA resulted 
in capturing the insights from stakeholders into the decision problem. This provides clear 
information on how PDWO is approached in practice and contributes to answering research 
question 1.  
Furthermore, this chapter describes the actual execution of the participatory DPA, which was 
crucial for combining scientific and stakeholder knowledge. Therefore it provides important 
observations to assess the value of the participatory approach in the answer to research 
question 2. 
The stakeholder knowledge that was captured in this chapter also provides elements for the 
discussion on research question 3: how the importance of PDWO and approach to PDWO in 
practice can evolve due to potential evolutions in the industry. 
This chapter has been adapted from:  
Leen F., Van den Broeke A., Aluwé M., Lauwers L., Millet S., Van Meensel J. (2017) 
Optimising finishing pig delivery weight: participatory decision problem analysis. Animal 





Chapter 3 Optimizing finishing pig delivery weight: participatory 
decision problem analysis 
3.1 Paper Abstract 
The seemingly straightforward question of optimal pig delivery weight is more complex than 
meets the eye. Despite abundant research insights, the industry continues to request 
additional applied scientific decision support on the delivery weight problem. The current 
objective is to investigate whether and how the complex decision of delivery weight can be 
reshaped (reframed) into a more tangible and comprehensible system of factors that matter 
for making the right decision. We used a participatory decision problem analysis, which 
resulted in 3 modelling blueprints (concrete and comprehensible proposals for model 
development) that incorporate factors prioritised by stakeholders for determining optimal 
delivery weights. The priority factors and processes for model development, resulting from the 
DPA, are: (1) pig prices and price corrections for (un)desirable carcass weights, (2) piglet 
prices, (3) feed prices, (4) evolution in feed efficiency and (5) evolution of average daily growth 
during the finishing period, (6) sex of the pig and (7) the flexibility in piglet supply differing by 
farm type. The first model blueprint concerns a uniform model for the longer term PDWO 
decisions on both farrow-to-finish and finishing farms. For operational PDOW two divergent 
models were proposed to differentiate in the flexibility of feeder piglet supply between both 
farm types. How to efficiently organise such a ‘problem reframing process’ is case-specific: it 
depends on the objective, the initial problem understanding by the stakeholders, and their 
learning potential. Efficient co-learning is a prerequisite for successful participatory problem 
analysis. Our study reveals that the first step in such a process of ‘problem reframing’ should 
therefore be to answer the question of how to effectively organise co-learning amongst 
stakeholders and researchers, instead of starting with a correct and detailed representation of 
the problem. Useful guidelines for participatory problem reframing processes are (I) providing 
sufficient participatory learning steps, (II) having few and clearly defined objectives per learning 
step, (III) providing adapted learning tools per step, (IV) establishing a common language and 
(V) deliberately choosing stakeholders based on prior knowledge of the problem or its context, 
potential motivation or incentives to be part of the participatory process step and potential role 
in up-scaling the co-learning process to a larger group of beneficiaries. The study underlines 
the importance of a thorough scientific contribution in the development of DST. A valid balance 
between both stakeholder and scientific knowledge is essential in successful participatory 
modelling.  






In pig production, decisions about delivery weight and marketing seem deceptively simple. At 
first glance, mere production economic principles seem to suffice to optimise the use of feed 
and piglets to finish pigs and to maximise gross margin. The decision context adds complexity, 
however. First, the biological production process and hence the delivery weight decision are 
affected by external factors and farm-specific management aspects. Second, increasing 
societal concerns, for example, animal welfare and ecological impact, need to be considered 
in farm decisions. Third, trends of decreasing profit margins and increasing farm scale make 
pig farms sensitive to leveraged effects on income from small changes (e.g. altering delivery 
weight) or anomalies in farm management. In this context, the question of optimal delivery 
weight needs to be addressed adequately to guide farmers in their decisions. 
Scientific studies have addressed several specific aspects of the delivery weight decision, as 
well as studies integrating several of those aspects in optimisation models. Animal scientists 
have addressed technical issues like growth modelling (Black, 1995; Black et al., 1986; Craig 
and Schinckel, 2001; López et al., 2000; Moughan et al., 1995; Schinckel and De Lange, 1996; 
Schinckel et al., 2003; Wagner et al., 1999) and feed intake (Nyachoti et al., 2004; Forbes, 
2007), culminating in mechanistic simulation models (Black et al., 1993; Black, 2014, 1995; 
van Milgen et al., 2008). Further, the effects of delivery weight on technical aspects such as 
animal performance, carcass traits and meat quality continue to receive attention (Channon et 
al., 2018; Christian et al., 1980; Cisneros et al., 1996; Correa et al., 2006; Latorre et al., 2004; 
Weatherup et al., 1998). Agricultural economists and operational researchers have used these 
insights to create bio-economic optimisation models for pig production (Boland et al., 1999; 
Burt, 1993; Chavas et al., 1985; Crabtree, 1977; Glen, 1983; Niemi, 2006; Van Meensel et al., 
2010) and specifically for the optimisation of pig marketing and delivery weight (Giesen et al., 
1988; Boland et al., 1993; Kure, 1997; Huang and Miller, 2004; Boys et al., 2007; Niemi, 2006; 
Niemi and Sevón-Aimonen, 2009; Niemi et al., 2010; Ohlmann and Jones, 2011). 
Despite the wealth of existing research, the pork industry still emphasises a need for applied 
scientific support on the delivery weight problem. Considering and modelling larger portions of 
the problem complexity do not appear to ensure success for effective decision support. Why 
are previous models not meeting the demands? Are crucial factors omitted in these models or 
are there too few updates of the models according to the industry’s evolutions? Is there a lack 
of validation and translation of the models into practice? Or are the models too complex to use 
in practice? Constructing a model for decision support in practice requires a balance between 
model complexity, accuracy, comprehensibility and broad applicability (Voinov and Bousquet 
2010). Correct selection of control variables, processes, boundaries and constraints is needed. 
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It is questionable whether scientists can fulfil this task unassisted. According to Cox (1996), 
the ability of researchers to specify a problem situation reflecting the constraints and 
opportunities faced by farmers is doubtful. Ideally, the decision-maker should be consulted as 
an expert for framing the decision problem rather than being viewed as a mere adopter of 
scientific recommendations (Roling and Wagemakers, 2000). 
The objective of this paper is to investigate whether, and how, a participatory process 
methodology can contribute to reframing the complex decision of delivery weight into a more 
tangible and comprehensible system of factors that matter for making the right decision. We 
conducted a participatory process for problem reframing (Martin, 2015) with pig production 
stakeholders to perform a decision problem analysis (DPA) in order to gain mutual insights and 
endorsement in its complexity. The methodology for the participatory process was adapted 
from Rogge et al. (2013), as no concrete guidelines for participatory problem reframing were 
available. The DPA was the initial stage of a decision support tool (DST) development process 
that will benefit from the results of the DPA. This research was done in Flanders, an important 
pig production area in Europe that is experiencing severe and persistent economic problems. 
Optimising delivery weight is seen as one option for improving competitiveness.  
The chapter is structured as follows. In section 3.2, we present historical scientific efforts 
regarding increasing decision complexity through increasing model sophistication. We discuss 
possible explanations of why these models were not used in practice and introduce the 
possible benefits of participatory approaches. Section 3.3 describes the participatory process 
methodology applied in this study. Section 3.4 presents the thematic and methodological 
results of the participatory reshaping of a desktop DPA into validated blueprints for 
comprehensible optimisation models. In section 3.5 we discuss the results, focusing on how 





3.3 Literature review 
 
Complex models for a complex problem context 
Scientists are challenged to develop advanced methods to deal with ‘real world complexity’ 
and derive comprehensible insights in order to assist stakeholders in understanding the 
functioning of the farm and its environment. Progress has been made in mechanistically 
modelling bio-physical processes in order to extend the universal nature of these models and 
application of results beyond their original scientific context (Janssen and van Ittersum, 2007). 
However, according to the farming systems approach, modelling individual elements of a 
farming system is inappropriate to predict responses of the system as a whole (Weinberg, 
2001). Understanding the complexity of a production process results from modelling the 
dynamic interactions between system components as primary determinants of the system’s 
final behaviour (Tanure et al., 2013). Specifically for agricultural problems, whole-farm models 
are oriented towards quantitative analysis of the effects of a variety of potential changes at the 
farm system level. Science-driven technical information is confronted with value-driven 
objectives of farmers or other societal actors under explicit assumptions with respect to 
exogenous variables that are important drivers of agricultural systems (e.g., market conditions) 
(Sterk et al., 2006). Whole-farm models have been constructed for modelling farm businesses 
and assessing the impact of management, policy changes and technological innovations 
(Janssen and van Ittersum, 2007;Robertson et al., 2012). Whole-farm models are proliferating 
in various forms, from the purely bio-physical to those that include financial elements (bio-
economic; Robertson et al., 2012). Whole-farm models are either normative or positive. 
Increasing the complexity of the models to account for more issues, however, entails the risk 
of non-adoption by the intended end user. There are several reasons for this: first, all models 
remain a simplified representation of reality (Tanure et al., 2013; Martin 2015). Second, 
complex models have a high demand for parametrisation (Tanure et al., 2013) and 
dependency on information (Voinov and Bousquet, 2010), which may not be available on farms 
(Black, 2014). Third, results of highly complex but accurate models are often hard to 
communicate to stakeholders (Voinov and Bousquet, 2010). Both the inflexibility for including 
the detailed specificity of farming and the quickly overwhelming mathematical complexity result 
in non-adoption because of a perceived lack of legitimacy and transparency (McCown et al. 
2009).  
Stakeholder participation 
Stakeholder participation is becoming increasingly embedded in research processes. This is 
partly due to a shifting focus in agricultural extension from research for the farmer to research 
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with the farmer and to a changing view on agricultural innovation from the mere development 
of a new technology to considering the culture, power, institutions and policies for a successful 
innovation process (Darnhofer et al., 2012). Stakeholder involvement results in the integration 
of different knowledge systems, with understanding and knowledge then emerging from these 
processes (Darnhofer et al., 2012). Research approaches are categorised in “soft” and “hard” 
scientific approaches. Soft approaches are based on qualitative research methods and rely 
fully on stakeholder knowledge. An example is Soft Systems Methodology (Checkland and 
Poulter, 2010) where farming systems are seen as social constructs with negotiated 
boundaries and goals. The core concern is farmers’ perceptions of their environment and their 
adaptation options. Farmers’ strategies are seen as the product of human interaction, learning, 
conflict resolution and collective action. The other side of the spectrum are the hard scientific 
approaches, which are driven by mathematical and science-based models. Herein farming 
systems are viewed as real entities existing as such with defined boundaries and goals. Hard 
approaches rely on analysis and modelling of data from physical, chemical, physiological and 
ecological processes. Farmers are seen as optimizers seeking for combinations of best 
technical means to manage their farming systems (Martin, 2015).  
Efforts to combine hard and soft approaches are seen in participatory modelling processes 
(Voinov and Bousquet, 2010) especially in designing DST (McCown et al., 2009; Jakku and 
Thorburn, 2010; Kerselaers et al., 2015; Van Meensel et al., 2012) where stakeholder 
involvement is considered to positively affect implementation. Participatory modelling can 
improve the effectivity of DST through problem reframing and co-learning with stakeholders, 
resulting in a better and mutually understood problem representation (Martin, 2015) and 
assistance in the trade-off between model complexity and comprehensibility.  
Martin (2015) proposes critical success factors to overcome the pitfalls of both soft and hard 
approaches and produce salient, credible and legitimate insights. These are (1) including a 
problem reframing stage, (2) using a situated approach, (3) using a systemic approach, (4) 
applying up-to-date multidisciplinary knowledge, (5) safeguarding transparency and (6) 
including multiple perspectives. Rogge et al. (2013) elaborated on stakeholder participation in 
rural policy making and focussed on the organisation of the social interface between different 
stakeholders. They also listed components for a successful participatory process being (1) 
defining common goals, (2) identifying of the actors involved in the process, (3) integration of 
different knowledge systems, (4) clearly designing the participation process and (5) 
safeguarding transparency, fairness and procedural justice of the process. Kerselaers et al. 






Successful stakeholder participation is clearly subject to critical components, especially when 
stakeholders with different interests interact. Problem reframing/common goal setting was 
identified as a critical component of a successful participatory process in the previous section 
but no concrete guidelines were found for executing problem reframing. Therefore, we adapted 
the approach of Rogge et al. (2013) and Kerselaers et al. (2015) for reframing the optimal 
delivery weight problem together with stakeholders. Similar to the guidelines for “Stakeholder 
Integrated Research” by Gramberger et al. (2015), the guidelines of Rogge et al. (2013) and 
the study by Kerselaers et al. (2015), we aimed for a reciprocal and iterative process of 
dialogue between researchers and stakeholders. Such iterations consist of the preparation of 
the engagement with stakeholders, the meeting with stakeholders and the corresponding data 
collection and analysis of the meetings outcomes. It has been argued by Glass et al. (2013), 
Rogge et al. (2013) and Gramberger et al. (2015) that such iterative loops are best suited for 
co-creation of knowledge by integration of different knowledge systems, i.e. stakeholder and 
scientific knowledge. 
Active design of the participatory process is a key element in the guidelines of Rogge et al. 
(2013). It does not mean that the process can be fully designed a priori with a detailed roadmap 
of the process available from the beginning. Instead, active design means having clear 
rationales and making well informed decisions on the following key questions, which we 
addressed at each step of our participatory process:  
(1) Why do you need to have a meeting with your stakeholders? What is the goal of the 
meeting? 
(2) Which specific stakeholders and how many stakeholders are desirable to be present in the 
meeting?  
(3) Which preparatory activities need to be executed for the meeting? 
(4) Which medium or auxiliary discussion tool will be used in the meeting?  
Subsequently, when the output from a stakeholder meeting is processed and the meeting itself 
is evaluated, the next loop in the process can be prepared by reconsidering these questions. 
Rogge et al. (2013) and Kerselaers et al. (2015) chronologically explicitly visualise these loops 
in the research process. This schematic representation assists in the effective integration of 
different knowledge systems, the active design of the process and in safeguarding 
transparency (Rogge et al., 2013). 
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Facilitation of the participatory process is of great importance for success and requires 
knowledge about group dynamics, or methods for structuring critical questioning, facilitation 
and conflict management (Darnhofer et al., 2012). Gramberger et al. (2015) suggest that 
ideally a professional process moderator is engaged to steer the researcher-stakeholder 
interaction and free the researchers form a double role. Budgetary constraints did not allow for 
professional assistance. Consequently, tasks were divided among the researchers. One 
researcher was assigned to be the moderator. One researcher made notes of the meetings 
and the other two could actively engage in discussions with the stakeholders, providing 
scientific information. The moderator was also in charge of presenting the preparation for the 
stakeholder meeting with the auxiliary discussion tools. The preparation of auxiliary discussion 
tools for stakeholder meetings and analysis of meetings outcomes were also conducted by the 
moderator, in cooperation with the research team.  
3.5 Results 
From desktop to participatory decision problem analyses  
Results are structured as follows: first, an overview is given of the participatory process and 
its successive cycles, which resulted from the deliberation of the generic key questions 
mentioned in the methodology section above. This methodology was executed for the specific 
purpose of participatory reframing of the optimal delivery weight problem. Next, the successive 
participatory steps are presented separately. At each step we describe how the four generic 
key questions were addressed and present the result of the step under discussion. 
Overview of the participatory process 
Figure 3-1 provides a visual representation of the overall participatory problem reframing 
process. Dots represent specific activities. The lower part, ‘Multi-disciplinary research team’, 
groups the research activities executed by a team of scientists (four animal scientists and two 
agricultural economists). The upper part, ‘Stakeholder process’, shows the activities in which 
other stakeholders participated. Activities are presented depending on the involvement of one 
expert panel or several different stakeholder groups. An overview of the different stakeholders 
involved in the multi-stakeholder group is given in Table 3-1. The rectangles in Figure 3-1 
represent different auxiliary discussion tools that were used during stakeholder meetings. 
The participatory process was conducted in a research project on optimising pig delivery 
weight. This research project was a consequence of a direct request (see ‘R’ in Figure 3-1) 
for scientific decision support in optimising pig delivery weight, which was formulated during 
discussions between the government, industry and research institutes to tackle the persistent 




of the research project proposal (I in Figure 3-1), the multi-stakeholder group agreed to (1) 
conduct animal trials to provide up-to-date technical information, (2) apply the data to 
mechanistically model the pig production function and ultimately (3) design DST in consultation 
with the stakeholders. After this meeting, the problem reframing continued with successive 
stakeholder meetings, preparatory research activities, and the construction of auxiliary 
discussion tools, which are presented in more detail below (Table 3-2). In total four major steps 
were executed with stakeholder participation. Steps 1 and 4 (monitoring meetings) were done 
with the multi-stakeholder group and steps 2 and 3 (focus groups) were done with only the 
representatives of the pig producer organisations.  
Step 1: monitoring meeting 1 
Goal of monitoring meeting 1 (MM1) 
The aim of MM1 was 3-fold: (1) to validate the concept of the preliminary model, (2) to provide 
preliminary insights to stakeholders about the interrelations between some basic factors 
determining the optimal delivery weight and (3) to get feedback from stakeholders on essential 
additional factors to incorporate in the model. 
Stakeholders involved in MM1 
In MM1 the multi-stakeholder group was called for a meeting. It seemed necessary to invite a 
diverse group of stakeholders to capture their potentially different insights into the specific 
problem. For the sake of safeguarding procedural justice it was important to give the different 
stakeholders the chance to give their opinions about the problem and to witness the progress 
in the research project. 




Figure 3-1 Visual representation of the participatory process 
Preparatory research activity: literature review 
The goal of the literature review was to identify essential factors for modelling the delivery 
weight optimisation. Without a first exploration of the problem, it seemed impossible to organise 
an efficient interaction between the research team and stakeholders to conduct problem 
reframing. The literature review helped the research team to identify how scientists 
approached the problem in the past. The results of the literature review done to prepare for 
MM11 are summarised in Table 3-3. 
Preparatory research activity: model design 
Preliminary modelling of the factors identified in the literature review was considered necessary 
to obtain a basic understanding of their influences on the optimal delivery weight. Van Meensel 
et al. (2010) calibrated growth, feed intake and mortality curves to observed farm data and 
compiled them into farm-specific isoquants, taking into account the duration of production 
cycles. This model was adapted to simulate the effect of varying delivery weights on the bio-
economic performance of the farm. Based on average prices of feed, rotations and pigs, the 
model maximises the difference between revenues and variable costs per finishing place on a 
yearly basis. We extended the model by including dynamics of input and output prices with 




carcass weights, because data on carcass quality evolution had not yet been gathered and 
analysed. Although the model did not contain a detailed relation between carcass quality and 
delivery weight nor a mechanistic relationship between feed content and growth performance, 
the other identified basic factors were included. This allowed the research team to gain 
understanding of their interplay in the delivery weight decision problem. 
Table 3-1 Composition of the multi-stakeholder group 
Stakeholder  Number of representatives Motivation 
Pig producer organizations 4 Spokesmen for intended 
decision makers  
Compound feed/animal 
nutrition companies 
5 Interest in and influence on 
animal performance 
Animal pharmaceuticals and 
health services 
3 Interest in and influence on 
animal performance 
Slaughterhouses 2 Direct role in optimization: 
pig pricing  
Government pig production 
extension officers 
2 Channel for dissemination of 
results 
External scientists and 
knowledge centers 
7 Advice and scientific 
validation 
Pig breeding organization 1 Expertise on specific 
Belgian genotype 
 
Auxiliary discussion tools 
To achieve the goals defined for MM1, two discussion tools were used. First, a slide show was 
prepared containing graphs with simulation results showing the evolution of costs and 
revenues with changing delivery weights. Second, a user interface linked to the model was 
presented and the stakeholders were shown how to use it and guided in using it during the 
meeting. The user interface allowed for easily changing parameters used for parametrisation 
of the model and analysing the effect of changes, for example, in animal performance or market 
conditions, on the optimal delivery weight.  
Meeting results and evaluation 
MM1 did not achieve the three abovementioned goals. The stakeholders referred to the model 
as ‘too much of a black box’, producing non-comprehensible results. Neither the presented 
graphs on evolutions in costs and revenues in function of changed slaughter weights nor the 
ad hoc simulations with the preliminary model provoked discussion between stakeholders. 
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Moreover, the ad hoc simulations seemed to add to the confusion instead of elucidating the 
logic behind the model. These events made the research team realise the need for improving 
their own understanding of the problem and to design a more comprehensible way of 
communicating their insights into the delivery weight optimisation. In the end, no substantial 
stakeholder feedback on the preliminary model was obtained. 
The meeting did not result in any insights about how the optimisation model had to be extended 
or modified, which underlying processes in the decision context it should cover or not, nor 
which sub-questions of the problem it should answer. In short, the meeting failed to result in a 
shared and endorsed problem definition.
Table 3-2 Description of the stakeholder meetings, goals, participants, auxiliary discussion tools and 
preparatory research activities 
Stakeholder 
meeting 













 Literature review 
(LIT1) 




  Slideshow with 




  Model design 
(MO1) 
Identify essential 
additional factors to 
be incorporated 
    Model simulations 
(MS1) 
Focus group 1 
(FG1) 




Expert panel with 
three pig production 









 Identify factors to 
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     Synthesis of DPA 
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Focus group 2 
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Expert panel from 
focus group 1 




 Analysis of focus 
group 1 (FA1) 
      Literature review 
(LIT3) 













 Analysis of focus 
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Step 2: focus group 1 
Goal of focus group 1 (FG1) 
The lack of a useful outcome in MM1 created the need for a more effective approach for 
problem-reframing with stakeholders. The research team started by reviewing additional 
literature to gain more insights into the decision problem and to verify whether crucial factors 
had not been included in the preliminary model, resulting in the lack of comprehension by the 
stakeholders in MM1. The concrete aim of FG1 was 2-fold: (1) to qualitatively discuss and 
validate the identified multitude of factors and interrelations influencing the optimal delivery 
weight decision problem and (2) to identify factors to get incorporated in the models and the 
desired detail for these factors. 
Stakeholders involved in FG1 
Experts from the Flemish Farmers’ Union, who represent and advise pig farmers, were called 
for a meeting. They were selected because of (1) their familiarity with the industry, (2) their 
confrontation with the specific problem and consequently, (3) their potential motivation for the 
benefit of their members, and (4) one expert represented the union already in the multi-
stakeholder meetings. A focus group was considered as an efficient qualitative method to 
benefit from discussions between researchers and experts as well as among experts.  
Preparatory research activity: literature review 
The scope of this literature review was broader than the mere identification of elementary 
factors that are needed for mechanistically modelling the bio-economic production function of 
the pig farm. Factors and processes that add to the complexity in the decision context of the 
farmer were identified (Table 3-4). These extra factors implied farm production regime; i.e. 
adopting the all-in/all-out principle (AIAO), managing heterogeneity in the herd under AIAO 
and the effect of farm specialisation type on the operational flexibility of farms in managing 
delivery weights.  
Auxiliary discussion tool 
In order to achieve the goals defined for the focus group, results of the literature review were 
compiled into a scheme (Figure 3-2) that was presented to the experts and served as a basis 
for discussion. The scheme was explained step by step, beginning from the production or 
purchase of a piglet towards the delivery of a finished pig to the slaughterhouse. Factors in the 
scheme were briefly explained and a brief motivation for possible incorporation of the factor 
into the optimisation model was given.  
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Table 3-3 Preparation for monitoring meeting 1: Identified factors for consideration in 






of farm production 
function 
Accounting for farm-specific curvature 
of production function is needed for 
farm-specific advice  
Van Meensel et al. (2010) 
Workable and accurate 
description of pig growth 
and feed intake 
Description of input to output 
transformation in production process 
Choices to make in approach: 
 Fitting serial data to empirical 
growth and feed intake curves 
 Mechanistic growth modeling 
Limitations to mechanistic prediction 
of feed intake 
Craig and Schinckel (2001) 
Lopez et al. (2000) 
Schinckel and Craig (2002) 
Kyriazakis (1999) 
De Lange et al. (2001)  
Schinckel et al. (2003) 
van Milgen et al. (2008) 
Nyachoti et al. (2004) 
Forbes (2007) 
Schinckel and de Lange 
(1996) 
Relation input quality 
and input price 
Dynamic adaptation of feed content to 
requirements and intake capacity of 
pig results in decreasing unit prices of 
feed as pigs age 
Niemi et al. (2010) 
Mortality in pig finishing 
stage 
Dynamics in risk for mortality during 
finishing. Older pigs represent higher 
investment than younger 
Maes et al. (2001) 
Maes et al. (2004) 
Relation output quality 
and output price 
Quality incentive payment schemes 
based on carcass weight, meat 
percentage and conformation 
Weight, sex and genetics affect quality 
parameters 
Correa et al. (2006) 
Xue et al. (1997) 
Boland et al. (1999) 
Slaughter efficiency Killing-out percentage is affected by 
weight, sex and genetics of the pig  
Cisneros et al. (1996) 
Latorre et al. (2004) 
Opportunity cost of 
replacement  
Intensive pig production consists of 
sequence of production cycles. 
Optimal delivery weight implies 
optimal replacement decision  






Table 3-4 Factors for consideration in decision context of optimizing delivery weight identified 
in literature review as preparation for focus group 1 
Factors for consideration 
in decision context 
Motivation Reference 
Production regime affects 
importance of opportunity 
cost of replacement 
Strict execution of all-in/all-
out principle implies idle 
time between production 
cycles to create sanitary 
vacuums. 
Scheidt et al. (1995) 
Strict all-in/all-out can result 
in suboptimal marketing 
Delivering fast and slow 
growing pigs at one moment 
can provoke suboptimal 
marketing because of too 
heavy and too small pigs  
 
“Split-harvesting”: marketing 
of batches from one 
production cycle according 
to growth rate can improve 
marketing results 
Niemi and Sevón-Aimonen 
(2009) 
Boys et al. (2007) 
Huang and Miller (2004) 
Giesen et al. (1988) 
Kure (1997) 
 
Farm specialization type 
affects operational flexibility 
in optimizing delivery 
weights 
Supply of new feeder piglets 
is strictly scheduled on most 
farrow-to-finish farms which 
limits operational flexibility to 
extend a current production 
cycle.  
Operational flexibility on 
farrow-to-finish farms limited 
to accidentally shortening 
production cycle and 
increasing idle time between 
cycles 
 
Operational flexibility on 
finishing farms might include 
both curtailing or extending 
a current production cycle.  
Toft et al. (2005) 
 
Meeting results and evaluation 
Discussion arose regarding the scheme’s many (highly) detailed factors. The experts 
appreciated the extensive scheme, but believed that modelling all the factors and interrelations 
would lead to a highly complex model that would not provide comprehensible insights. They 
explicitly urged the researchers to start with simple models focusing on basic crucial factors to 
instigate the farmers’ learning process. They believed that successfully learning about the 
problem from basic models by the farmer can create leeway for more sophisticated versions 
of the models, producing more accurate farm-specific results.  
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Discussion around the scheme led to a list of crucial factors to focus on: (1) pig prices and the 
relation between delivery weight and carcass quality (again only price penalties for undesirable 
carcass weights), (2) piglet prices, (3) feed prices, (4) evolution in feed efficiency during the 
finishing period, (5) evolution of average daily weight gain, (6) sex of the pig and (7) the 
flexibility in piglet supply differing by farm type. The experts did not favour integrated 
optimisation of feed content and technical performance. In their opinion, farm-specific technical 
relations should be used as input to the model and should be parametrised with the 
corresponding farm-specific feed price. 
Initially, the experts had different expectations from the optimisation model. One believed that 
farmers would benefit most from operational models balancing extra feed costs and extra gains 
based on market price information. Another expert believed that modelling the strategic/tactical 
level may be more interesting because farmers would obtain insights into organisational 
defaults of their farm such as structural organisational problems in the marketing of pigs, 
especially on farrow-to-finish farms with a rigid supply of feeder piglets. This disunity led to the 
consensus of developing both models of strategic and operational nature. 
The experts additionally suggested distinguishing between farm type, which influences the 
rigidity of the feeder piglet supply. The expert panel was uncertain about aspects such as 
including the factor heterogeneity combined with adopting AIAO or split harvesting in the 
model. The experts recognised the importance of these issues in advising the farmer, 
especially when the average optimal delivery weight would approach weight ranges for price 
penalties. However, it would be sufficient to put alerts in the model output rather than modelling 
the split harvest strategy for the sake of comprehensibility. One expert claimed that the farmer 
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Step 3: focus group 2 
Goal of focus group 2 (FG2) 
Three blueprints for optimisation models were formulated by the research team based on the 
analysis of FG1. These blueprints described how optimization models could be based on the 
list of factors and processes that was agreed upon in FG1. These showed step by step how 
modelling the animal performance and addition of economic parameters would result in 
evolutions of the gross margin per pig and per pig place per year and finally would lead to the 
identification of the optimal delivery weight and fattening duration. The differences in the 
blueprints emerged from the difference in management level (strategic versus operational) and 
the effect of rigidity in the feeder piglet supply on the operational decision context on farrow-
to-finish farms versus finishing farms. These blueprints were subject to validation by the same 
expert panel, for the sake of continuity, in the subsequent FG2. The goal of FG2 was, together 
with the experts, to validate how the results of the previous discussion would be formalised 
into future optimisation models. The main challenge was to represent the modelling and 
economic logic in a tangible and comprehensible manner.  
Preparatory research activity: literature review 
Additional literature review and team discussions focussed on correct accounting for the 
opportunity cost for replacement in the operational optimisation models. Scientific 
corroboration was found for a statement of one of the experts in FG1. In the discussion on 
which type of piglet price (i.e. current or average annual prices) to use in the operational 
models, the expert had argued that the current piglet price should be related to the future sales 
price of the finishing pigs resulting from the piglets, because these prices affect the gross 
margin from the consecutive production cycle. An indication of this gross margin of the 
consecutive cycle is needed because operationally the extra margin of continued finishing of 
the current rotation needs comparison with the average expected gross margin of a new batch. 
Winder and Trant (1961) argued that for sequential production, profit per unit of time is 
maximised when the marginal value product (extra revenue from continuing the current 
rotation) equals the sum of the marginal factor cost (extra feed costs for continuing the current 
rotation) and the forgone expected profit per unit of time from a production cycle due to its 
delayed start if the current one is extended.  
Auxiliary discussion tool 
Three blueprints were presented to the experts in a slide show. The basic economic logic in 
all the blueprints was the marginality principle, which was made tangible through practical 




sequential production was explained by illustrating the effects on annual revenues and variable 
costs from extending a current production cycle with 1 week. Moreover, the conventional 
critical performance indicators feed-to-gain ratio and average daily gain were shown in the 
calculations of the marginal cost of feed and the marginal  value product, respectively, for the 
sake of comprehensibility.  
Likewise, the strategic model’s marginality principle was explained by a partial budgeting table 
presenting the effect of a 7-kg increase in delivery weight on annual revenues, feed and piglet 
costs. It was clarified that the model calculates these effects for infinitesimal weight changes 
and that the optimal delivery weight is found where positive and negative effects balanced. 
Meeting results and evaluation 
The presentation of the strategic model blueprint revealed that the fundamental differences in 
scope of the strategic and operational models required a thorough and repeated explanation. 
One expert needed explanation that from the strategic model the optimal rotation coefficient 
and thus piglet supply can be determined, instead of taking the current piglet supply schedule 
as fixed. Stakeholders agreed to use average annual prices in the strategic model. Because 
of the long-term focus, the experts argued to incorporate fixed costs as well, instead of merely 
focusing on the maximal gross margin. The strategic model blueprint also convinced the 
experts of the need to optimise per finishing place per unit of time and as such take the 
opportunity cost for replacement into account. In practice, delivery weight optimisation is 
commonly considered at the animal level and not at the level of the limiting production factor, 
i.e. the finishing place. A graphic explanation of the trade-off between finishing duration and 
number of rotations per year was crucial to convince the experts and clarify the evolutions in 
revenues and costs per finishing place per year. The experts agreed that correcting for the 
opportunity cost for replacement in the operational finishing farm model instead of merely 
optimising the current production cycle was preferable. However, they questioned what the 
marginal gross margin of the current production cycle should be compared with. Winder and 
Trant (1961) proposed to compare it with the annual average expected gross margin per unit 
of time. The expert (who also proposed this idea in FG1) reconsidered afterwards and said this 
method would not take seasonal variation in market prices into account. The experts 
unanimously proposed that the marginal gross margin of a current production cycle should be 
compared with the expected gross margin per unit of time of the consecutive production cycle. 
Consequently, they advised to investigate seasonal patterns in piglet prices and gross margins 
in order to predict the expected gross margin of the consecutive production cycle.  
Less explanation was needed when validating the operational blueprints for farrow-to-finish 
farms. The experts had no difficulty in understanding the repercussions from the operational 
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rigid piglet supply on the decision alternatives for the farmer. We proposed that the operational 
decision in general equals focusing on marketing before or at the ultimate terminal date to 
prepare the facilities for the consecutive cycle. In the period before ultimate marketing there 
are no piglets available to start up the consecutive cycle, i.e. there is no opportunity cost for 
replacement. The marginal revenue from continuing the current rotation should then cover at 
least the marginal feed cost. However, in FG1 the experts already argued that selling a batch 
of piglets to allow the current finishing cycle to be extended would be an operational decision 
alternative for farms with a weekly scheduled piglet supply. For farms with larger time intervals 
between piglet supply, this decision is probably unprofitable due to excessive idle time. We 
proposed a partial budgeting to analyse these decision alternatives.  
Step 4: monitoring meeting 2 (MM2) 
The sequence of meetings with the experts resulted in a reframed problem definition formalised 
in the three blueprints for the optimisation models. The next step was to discuss these 
blueprints with the multi-stakeholder group. The goal of MM2 was to obtain validation and 
approval of the blueprints by the multi-stakeholder group to finalise the problem reframing 
stage in the research project. 
Auxiliary discussion tools 
The challenge for MM2 was to quickly guide the members from the multi-stakeholder group 
through the previous iterative focus groups with the expert panel. This step was crucial to 
safeguard the transparency and procedural justice of the process. Moreover we believed that 
if the stakeholders experienced the steps we had followed, this would help them when 
validating the blueprints. To achieve this, the auxiliary tool from FG1, the results and the 
intermediate feedback of the two focus groups were shown to illustrate how this process 
resulted in the model blueprints.  
In comparison to FG2, more emphasis was placed on the difference in scope of the strategic 
and operational models. To help the stakeholders understand the need for the optimisation per 
pig place, the changes in annual revenues and variable costs were visually presented in a 
sequence of detailed graphs.  
Meeting results 
The multi-stakeholder group understood and approved the model blueprints and advised to 
start modelling using these essential factors, for the benefit of fostering the learning process 
of the farmer. No fundamental concerns related to the blueprints came up. Some additional 
issues were mentioned, however. One stakeholder signalled that costs for manure disposal 




blueprints. An expert from Flemish Farmers’ Union who had also attended the focus groups, 
acknowledged this. He argued that some other variable costs are also influenced by the 
delivery weight, but including all these factors would result in an incomprehensible model.  
Heterogeneity of the herd was suggested as a critical issue in the communication of the model 
results. The Flemish Farmers’ Union expert argued that communicating an average optimal 
delivery weight close to the lower or upper limit for price penalties could result in suboptimal 
marketing from pigs with undesirable carcass weights. The research team concluded to 
continue with the model design according to the presented blueprints and to investigate 
whether heterogeneity could be incorporated directly into the models or by alerts and 
explanation of the consequences of heterogeneity in the model’s output. 
3.6 Discussion 
The participatory process methodology resulted in the reframing of the complex decision 
problem of delivery weight into different modelling blueprints. In this discussion section, we 
elaborate on the validity of the blueprints themselves and also provide guidelines for 
successfully conducting a participatory problem reframing exercise. The factors incorporated 
in the model blueprints broadly correspond to those that have been incorporated in previous 
studies (Chavas et al., 1985; Giesen et al., 1988; Boland et al., 1993; Boys et al., 2007; Niemi 
and Sevón-Aimonen, 2009; Niemi et al., 2010). The majority of studies focus either on strategic 
optimisation or on optimising delivery schemes to alleviate sorting losses in heterogeneous 
herds. Operationally dealing with price variability on finishing farms was considered by Giesen 
et al., (1988), who demonstrated the need and difficulty in predicting future in- and output price 
fluctuations. Additional challenges for future research are to comprehensively model the 
optimal supply either between breeding and finishing on farrow-to-finish farms or between 
specialised farms (Ohlmann and Jones, 2011). One may question why pig growth, feed 
efficiency, carcass quality and input and output prices are perceived as the most important 
factors. Stakeholders are probably most familiar with these factors and may already have some 
ideas about their interrelations. They may also project their own familiarity with these factors 
on the pig farmers and believe that this collection of factors suffices to foster the farmer’s 
learning process. Stakeholders may also believe that sufficient knowledge on these factors is 
already available to deal with the optimisation problem. Last, they may consider on-farm data 
availability as a criterion for identifying important factors that can be modelled accurately for 
farm-specific advice. Their reluctance to link economic nutritional optimisation with pig 
performance, as done by Glen (1983), Chavas et al. (1985) and Niemi (2006), illustrates this. 
These models are indeed highly parameterized and application in practice would depend on 
multiple real-time data streams on the individual animals’ feed intake, weight gain and evolution 
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in carcass quality, which are currently absent on the majority of farms. Detailed figures on 
adoption rates of such precision livestock technologies (PLF) for Flanders are not available for 
the timeframe of the research. However, the barriers for adoption of these technologies in 
Flanders might well correspond to those outlined in the final report by the EIP-AGRI focus 
group on precision farming (2015), being essentially: unclear economic benefits and business 
models behind PLF, risk, high initial investments and perceived unfeasibility of adoption for 
small and medium sized farms.  
The stakeholders suggested testing the validity of the modelling blueprints during the 
upcoming participatory modelling process. Additional factors will gradually be incorporated into 
the models and retained or deleted based on their importance for deriving optimal delivery 
weights. Such an adaptive modelling process is also advised by Voinov and Bousquet 
(2010),who suggest keeping both the course of the modelling and models flexible because 
stakeholders have changing perceptions, needs and ideas over time. These dynamics are 
stimulated by the learning and reflection stakeholders experience in an interactive and iterative 
process (Voinov and Bousquet 2010). Heterogeneity and mortality are examples of factors that 
will be tested. The expert’s view on heterogeneity changed during the participatory process 
from acknowledging its importance but deeming it too complex for incorporation, to finally 
considering it indispensable during MM2. Mortality is currently not included because 
stakeholders did not consider it as essential for the key insights into PDWO and mostly they 
were hesitant to include (too) many factors from the start that would complicate the 
interpretation of the model. The researchers expect it to considerably affect the optimisation, 
however.  
The negotiation and selection of factors for model development by researchers and 
stakeholders is actively trading-off model complexity and comprehensibility. This is an 
essential and core quality of participatory modelling (Voinov and Bousquet, 2010). These 
authors argue that model complexity must be dictated by the questions posed by the stake-
holder group as well as available data and information. Still, the scientific soundness of the 
model structure and its components remains the responsibility of the researcher. This is of 
utmost importance to safeguard the credibility of the model and its results (Voinov and 
Bousquet, 2010; Martin, 2015). To obtain a valid balance between model complexity and 
comprehensibility that respects the credibility of the model, scientific knowledge on the 
decision problem is indispensable. 
Based on our process, we can provide guidelines for successful participatory problem 
reframing. First, we stress the importance of providing sufficient participatory learning steps to 




initial understanding of the stakeholders, their learning potential and the expected result of the 
reframing process. Sufficient time between successive participatory learning steps is needed 
to allow the stakeholders to ripen in their thinking. This is illustrated in our process by the initial 
disagreement between stakeholders about the strategic or operational nature of the decision 
problem. Different learning steps resulted in a consistent problem understanding among 
stakeholders.  
Second, we argue to define only a few objectives for each participatory learning step and define 
and communicate them as clearly as possible. Objectives for a specific step depend on the 
results of the previous one. If a particular learning step does not reach its objectives, the 
objectives of the next step should be adapted accordingly. However, in the start-up there is no 
previous step to base objectives on; the learning process has to be initiated. MM1 in our case 
might have had too many, and overly ambitious, objectives. A first objective in participatory 
problem reframing might be to assess the individual stakeholders’ initial understanding of the 
problem, with the researchers included here as stakeholders, and all stakeholders’ learning 
potential. Third, our research shows that each learning step requires an adequate learning 
tool. The tool used depends on the objective of the learning step and on the current 
understanding of the stakeholders. The use of the preliminary model in MM1 was unsuccessful, 
despite having been suggested by Voinov and Bousquet (2010) as a valid and time-efficient 
way of starting participatory modelling. Reasons may be that (1) the initial problem 
understanding differed too much among stakeholders, or (2) the problem understanding was 
simply inadequate to understand the mechanisms in the model or (3) the model representation 
was too ‘scientific’, preventing stakeholders from identifying their own problem representation 
because they were not consulted. To prevent such failures in an initial problem reframing 
meeting, we advise not to start with a “prototype” solution for the problem. In hindsight it seems 
logical that stakeholders would rather react suspiciously to a “prototype” model as a problem 
solution, while they are being engaged to actively shape and define the problem at hand. 
Voinov and Bousquet (2010) similarly stated that stakeholders may be reluctant to participate 
when they are forced into a predefined procedure and toolset ,especially if the tools and models 
come as pre-fabricated obscure blackboxes that they cannot understand and appreciate. 
Stakeholders can perceive such procedures as not having real influence in the process or their 
opinion being neglected. Consequently such an approach is detrimental for building trust with 
the stakeholders in the fairness and procedural justice of the process. These are key elements 
for a successful process as argued by Rogge et al. (2013). The main target for such an initial 
meeting should focus on initiating an effective collaboration between the different stakeholders 
and with the researchers. Special attention should be given to establishing a common goal 
between the different participants to stimulate effective participation. Once the common goals 
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have been established, we believe that initially qualitative methods are better suited to 
stimulate an effective discussion for defining and reshaping of a problem.  
The schematic overview and the concrete blueprints for three optimisation models, used in the 
other stakeholder meetings, stimulated commitment to the discussion. The schematic overview 
was successful, because it consisted of qualitative factors related to pig production, without 
attaching strict definitions to it. Every element in the schematic overview can then be seen as 
an individual boundary object subject to interpretive flexibility and plastic enough to obtain 
more congruent interpretations (Jakku and Thorburn 2010).  
Fourth, our study confirms that establishing a common language among stakeholders is crucial 
to reach a common problem definition (see also Rogge et al. 2013) and a constructive 
collaboration among different stakeholders (see also Van Meensel et al. 2012). The schematic 
overview with qualitative factors without strict decisions contributes to establishing this 
common language, as experts and researcher actively interrogate each other’s definitions. 
Valid translations of scientific concepts into comprehensible and tangible concepts for 
stakeholders are required, for example, by not mentioning ‘operational’ or ‘strategic’ models 
as such but referring to the model for deciding whether to market your pigs 1 week earlier, as 
usual, or 1 week later, or the model for longer-term planning and organising the farm, 
respectively. This is also illustrated by the translation of the production-economic marginality 
principle into a comprehensible concept by using familiar technical performance indicators. A 
common language creates confidence and allows stakeholders to credibly and effectively 
participate in the discussion. 
Fifth, we argue that it is important to think about which stakeholders to involve in a particular 
learning step and about ways to scale up results from particular stakeholder meetings to 
enlarged stakeholder groups. Variable stakeholder involvement has been suggested to exploit 
the maximal potential of working with iterative loops in participatory processes (Glass et al., 
2013; Rogge et al. 2013). After MM1, the expert panel was consulted because they are the 
principal intended users of our models and they were supposed to have a general overview of 
the problem. Adapting our DPA to their remarks and adapting the discussion tool based on 
these meetings enabled us to scale up the co-learning process between researcher and expert 
to the multi-stakeholder group. An issue for future investigation is how to scale up the iterative 
co-learning process to all possible beneficiaries in the pork industry. The expert panel 
repeatedly stated that the farmer’s model-based learning is initially more important than model 
accuracy and this can only be achieved by using comprehensible models. Moreover, the 
stakeholders involved in our study can be expected to act as ambassadors and facilitate 





A participatory process can help to transform a complex decision making problem into a more 
tangible and comprehensible system of factors that matter for making the right decision. How 
to efficiently organise such a ‘problem reframing process’ is case-specific: it depends on the 
objective, the initial problem understanding by the stakeholders, and their learning potential. 
Efficient co-learning is a prerequisite for successful participatory problem analysis. Our study 
reveals that the first step in a process of ‘problem reframing’ should therefore be to answer the 
question of how to effectively organise co-learning among stakeholders and researchers, 
instead of starting with a correct and detailed representation of the problem. Useful guidelines 
for participatory problem reframing processes are (1) providing sufficient participatory learning 
steps, (2) having few and clearly defined objectives per learning step, (3) providing adapted 
learning tools per step, (4) establishing a common language and (5) deliberately choosing 
stakeholders based on prior knowledge of the problem or its context, potential motivation or 
incentives to be part of the participatory process step and potential role in up-scaling the co-
learning process to a larger group of beneficiaries. For the specific case of PDWO, participatory 
analysis of the decision problem resulted in a mutually better understanding of the problem by 
researchers and stakeholders and insight into the specific needs and constraints faced by the 
stakeholders for model application. A concrete outcome were seven basic factors from pig 
production that are needed in model development.  
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Evaluation of animal performance 
models for farm-specific optimization 





Contribution to the dissertation:  
In this chapter the potential of different empiric dynamic growth and feed intake models  is 
analyzed for on-farm use. The evaluation focused (1) on the accuracy in describing the 
average evolutions in live weight growth and cumulative feed intake of the population and (2) 
on the accuracy after calibration with limited data requirements. The best performing models 
are used in the next chapters to describe animal performance in the gross margin simulation 
modelling for pig delivery weight optimization.  
Regarding research question 1 this chapter illustrates potential solutions to cope with limited 
on-farm data availability for describing animal performance. The proposed solutions both have 
benefits and pitfalls. The main benefit regarding PDWO is the limited data requirements by 
which the average evolution in animal performance can be estimated and used in longer term 
PDWO. The pitfalls however are the potential parameter instability and lack of information on 
the evolution of variability between pigs. For short term PDWO decisions, additional real-time 
animal performance monitoring is required to investigate the deviance from the average 
expected animal performance. These aspects are important issues regarding the approach to 
PDWO in the current pig farming context.  
As for research question 2, this chapter illustrates how the research had to adapt to the input 
from the stakeholders in the participatory process. Since mechanistic growth modelling was 
not the priority for the stakeholders and difficult to adopt in practice (Chapters 2 and 3), this 
chapter shows the commitment by the research team to find a solution for the problem of 
animal performance modelling in a current practical context of limited real time data collection 
on pig farms.  
In relation to research question 3, this chapter induces the discussion on the adoption of 
precision livestock farming technologies as an evolution that can affect the approach to PDWO 
in future pig husbandry. 
This chapter has been adapted from:  
Leen, F., Van den Broeke, A., Ampe, B., Lauwers, L., Van Meensel, J., Millet, S., 2017. 
Evaluation of performance models for farm-specific optimization of pig production. Livestock  




Chapter 4 Evaluation of performance models for farm-specific 
optimization of pig production 
4.1 Paper Abstract 
Farm-specific optimization of pig production can be supported with a production function 
mechanistically derived from dynamic growth and feed intake information, hereafter called 
performance curves. Production–theoretical optimization requires, first, an accurate 
description of underlying processes and, second, possibilities for calibrations with available 
on-farm data. The objective is to evaluate accuracy and calibration requirements of seven 
models: the Gompertz, monomolecular, Richards and Generalized Michaelis-Menten (GMM) 
model for growth and the cumulative feed intake and weight (CFIW), Bridges and Giesen 
models for both growth and feed intake. Evaluation is done with data from four trials with four 
sexes of a Piétrain x hybrid sow cross: boars, barrows, gilts and GnRH-vaccinated boars. 
Accuracy was evaluated with Root Mean Squared Errors (RMSE) of predictions versus 
observations and F-tests for differences in goodness-of-fit to discriminate between models. 
Calibration possibilities were evaluated through fitting the models through limited data. The 
Giesen, Bridges and GMM model, describing sigmoidal growth patterns, showed the highest 
accuracy. In terms of calibration possibilities, the Bridges model slightly outperformed the 
other. The Giesen model is accurate for describing feed intake of boars, barrows, gilts. GnRH-
vaccinated animals showed unstable variance with increasing age of the animal, which could 
only partially been solved with extensions to the Bridges and Giesen model. The research 
showed that dynamic growth and feed intake curves can be reasonably estimated from limited 
on-farm collectable data and generic functional forms, and as such account for farm specificity 
in production-theoretical economic optimization.  
Key Words: Pig production, accuracy, calibration possibilities, live weight model, feed intake 
model 
  




Optimisation of pig production becomes, more than ever before, important to maintain 
profitability of the industry. Indeed, as a competitive industry, pig production is characterized 
by small profit margins (Jean Dit Bailleul et al., 2000). Moreover, at the eve of increasing 
digitalisation and precision livestock farming, interests for operational optimization techniques 
may substantially increase. Economic optimization can be defined as determining the input – 
output combination that results in the highest profit per unit of time. For intensive pig 
production, optimization comes down to a replacement problem, since the duration and 
termination of a batch of finisher pigs has repercussions (i.e. an opportunity cost of 
replacement) for the start of the consecutive batch of feeder piglets and for the total annual 
production of a barn. The replacement problem is complex due to factors such as dynamics in 
feed efficiency and output quality, variation within the herd and volatile input and output prices. 
Nevertheless, a wealth of studies has already treated optimal pig delivery as a solution to a 
replacement problem (Chavas et al., 1985; Kure, 1997; Niemi et al., 2010; Kristensen et al., 
2012; Pourmoayed et al., 2016).  
Adoption of such, mostly sophisticated, models to support the delivery decision in practice is 
scarce. Various factors are behind non-adoption of these optimizing replacement models. 
Complexity of the problem is a first, non-negligible, factor. Problem reframing with focus on 
organizing co-learning amongst farmer and researchers can be a solution, rather than 
attempting to fully capturing the problem into detail from the beginning (Chapter 3). Insights for 
farmers in more sophisticated production models are possible, provided a transparent link 
remains with traditional key figures the farmer is familiar with (Huysveld et al., 2017). For pig 
production examples of traditional key figures are average feed efficiency and average growth 
rate. A second reason for non-adoption is that a large proportion of farms still operate in a pre-
“precision livestock farming” context, not disposing of frequent real-time observations in the 
herd, but relying only on key figures of starting and slaughter weight and total feed intake of a 
batch. Third, inadequate insight in the underlying production function of the pig farm may be 
another reason. By definition, the production function describes the technical relationship 
between inputs and output of a production process, i.e., the maximum output attainable from 
a given vector of inputs (Humphrey, 1997). The production function typically shows the law of 
diminishing returns to scale, this means that an optimum is sought where extra revenues do 
not cover anymore, the cost of an additional input. This marginality, contrary to the familiar 
average key figures, requires an accurate description of the production function, in particular 
the curvature of the zones where the optimum is sought. Fourth, accuracy must be robust 
enough to account for shocks or other discrete events in growth and feed uptake. Finally, from 




so doubts may arise whether generic models sufficiently take the farm specificity into account 
or should be calibrated to the performance key figures the farmers have at hand.     
Production functions can be estimated in an empirical or mechanistic way. Empirical methods 
take a data sample on production data of farms and establish a description of the input-to-
output transformation with the best fit to the observed data. Mechanistic models would use 
mathematical equations to describe the underlying processes in the input-to-output 
transformation and combine these to establish the production function of a farm. Two common 
empirical methods fit an assumed functional form to a given dataset: Data Envelopment 
Analysis (DEA), which is a non-parametric technique to construct a piecewise production 
function and Stochastic Frontier Analysis (SFA), which is a parametric technique assuming a 
functional form for the production function (Coelli et al., 2005). These models are popular in 
business economics and allow for benchmarking farm’s performance and design strategic lines 
for optimization and economic-ecological tradeoff analysis (Lauwers, 2009; Van Meensel et 
al., 2010). Since these empirical methods do not consider the underlying performance curves, 
such as the growth and feed intake curve, they are less suited to bridge strategic positioning 
with the operational farm-specific optimization. More in particular, the empirical methods for 
production function estimation ignore the possible farm-specific curvature of the production 
function, which arises from differences in the technical performance. The mechanistic 
approach of deriving production functions starts from the underlying growth and feed intake 
curves (hereafter also called performance curves). This approach is expected to describe the 
input-output transformation more accurately. The challenge, however, is then to tailor such 
curves to farm-specific observations. Again, a bunch of literature is available (Kure,1997; 
Kristensen et al., 2012; Pourmoayed et al., 2016) that actually addresses the calibration of 
production functions to observations in herds. Particularly the studies by Kristensen et al. 
(2012) and Pourmoayed et al. (2016) describe how to usefully transform the big stream of on-
line gathered data into a production function using Bayesian updating with Kalman filtering.  
In order to stimulate adoption of economic optimization tools on farms, the challenge now is to 
take into account the farm-specific context in which the scientific models need to operate. 
Crucial is the need for a straightforward and easy calibration procedure with limited data. We 
see this demand for an accurate and calibrated fitting of performance curves as an essential 
step in both the co-learning adoption approach of Leen et al. (2017a) and in the approach of 
Kristensen et al. (2012), where an average expected growth curve, estimated from herd data 
is assumed and Bayesian updating is foreseen.  
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The objective of the present study is to evaluate performance curves for their potential 
application in on-farm mechanistic modelling of the production function of pig production when 
data availability is limited. As such, this study must not be seen as a mere replacement study. 
Seven functional forms were evaluated in terms of accuracy and possibility for on-farm 
parameter estimation and calibration. The tests are done on four trials with four sexes of a 
Piétrain x hybrid sow cross, in order to account for major differences in growth and feed intake. 
One object, GnRH-vaccinated boars, not only accounts for a new technology, but also stands 
for a discrete event in performance dynamics. 
4.3 Materials and methods 
The evaluation focused on dynamic models, which explicitly describe performance as a 
function of time. This characteristic is essential to account for opportunity costs of replacement 
in a continual sequence of production cycles. In the first evaluation step, differences in 
goodness-of-fit between models were detected and statistically evaluated. In the second step, 
for a subset of models with the best fit, the performance was evaluated after calibration with 
limited data. The data set used for this evaluation is composed from several animal 
performance trials.  
Candidate models 
Six models for live weight and three for feed intake were evaluated (Table 4-1). Five of the six 
live weight models, i.e., the Monomolecular, Gompertz, Richards and Generalized Michaelis-
Menten models are derived as a state variable problem (see France and Thornley, 1984 and 
López et al. ,2000). For these models, the description of weight as a function of age is the 
result of analytical integration of a differential equation. This differential equation relates the 
growth rate of the animal to the state, e.g., weight of the animal. Consequently, these state-
variable models have a limited biological basis. They were fitted in integrated form to the data 
using PROC NLIN (SAS, v 9.4), separately per trial and per sex. The fifth live weight model 
was the three-parameter model adopted from Giesen et al. (1988), which describes daily 
growth and daily feed intake with respect to the age of the animal. This functional form: 
   
with t, the age of the animal, does not allow for analytical integration to obtain a function of the 
form . Consequently, both the Giesen model for live weight and feed intake were 
numerically integrated using a time step of one day to produce cumulative figures for weight 
and cumulative feed intake at a certain age of the animal. Observed trial data were fitted to 
these numerically integrated models using a least squares estimation procedure in VBA for 




In contrast to the abundance of available dynamic growth models, dynamic feed intake models 
are not readily available. Most feed intake models are static and describe feed intake as a 
function of the animal’s weight. Thus, in addition to the dynamic feed intake model of Giesen 
et al. (1988) and Bridges (Schinckel et al., 2009a), an iterative dynamic model for cumulative 
feed intake and weight (CFIW) was constructed from two static models describing daily feed 
intake and weight gain. The first static model, adopted from van Milgen et al. (2008), calculates 
the daily feed intake (DFI) from the weight of the pig under ad libitum feeding. 
 (1) 
with a an asymptotic value for feed intake at mature weight and b a shape parameter and W 
the live weight of the animal  as predictor. 
The second equation, adopted from Shulin-Zeuthen et al. (2008) predicts the weight of the 
animal from total cumulative feed intake. This is similar to the monomolecular growth model 
described by France and Thornley (1984), but with cumulative feed intake considered as 
predictor instead of the age of the animal. 
   (2) 
with W  being the weight of the animal, Wf  mature weight of the animal, W0 initial weight of the 
animal, k an exponential growth decay constant and CFI the cumulative feed intake of the 
animal.  
The CFIW model is initiated with an initial live weight value, from which the daily feed intake at 
the first day is calculated. This result of equation (1) is consecutively the first predictor value in 
equation (2). Next model, the outcome of equation (2), the newly predicted weight, is used in 
the next iteration step of the model and results in the next calculation of daily feed intake, which 
results in total cumulative intake after cumulating the daily feed intake over the iteration steps. 
 (3)   
with t > t0  and t0 being the age of the animal at the start of the finishing stage. 
The CFIW model enables to construct both a feed intake curve and growth curve as a function 
of a time variable, i.e., age of the animal or days in the production cycle. Parameters Wf, W0, 






















































































































































































































































































































Data from four animal trials were used. Two were performed under standardized and two under 
controlled commercial conditions. All animals were a cross Piétrain sire x hybrid sow and were 
fed ad libitum on a multiphase feeding regime (Table 4-3). In all trials, boars (BO), gilts (GI), 
barrows (BA) and GnRH-vaccinated males (IC) were represented. GnRH-vaccinated males 
(Improvac®, Zoetis, Parsippany, NJ,USA) received the first vaccination at 70 kg and the 
second approximately 4 weeks before slaughter. In the standardized trials, animals were 
individually housed (1.71 m² per pig). Trial A (Table 4-3) was a growth performance trial, in 
which animals were slaughtered at a target weight of 130 kg (see Van den Broeke et al., 2016). 
Trial B was a serial slaughter trial in which animals were grouped based on average daily 
weight gain at 90 kg and per group, animals of each sex were randomly assigned to different 
slaughter weights (Table 4-3, unpublished data). The individual housing enabled individual 
weekly registration of live weight in both trials. The data of the individually housed pigs were 
randomly aggregated per sex into averages of groups of five animals to reconstruct data at 
pen level to obtain a similar data structure compared to the trials under controlled commercial 
conditions. 
Two analogous trials were performed on two commercial farms. Trial C was a growth 
performance trial, in which animals were housed in groups of 11. Cumulative feed distribution 
per two pens was recorded by an automated feeding system at each weighing of the pigs. 
Average pen weight, feed intake and feed conversion ratio were recorded biweekly between 
the age of 9 weeks and the day they reached 90 kg live weight; from that day until slaughter, 
records were made weekly. In trial D, pigs were serially slaughtered at an average pen weight 
of either 105, 117 or 130 kg. Pigs were housed in groups of 9 or 13 to maintain equal stocking 
densities across the different types of pens on the farm. The same measurement protocol was 
used; only feed distribution was measured on a pen basis. In total 1251 records of animal 
weight and cumulative feed intake were used in the analysis . 
Table 4-2 Overview of records of animal body weight and cumulative feed intake per trial and 
per sex used in the analysis 
  Trial A Trial B Trial C Trial D Total 
Barrows 121 72 45 106 344 
Boars 73 78 39 117 307 
GnRH-vaccinated boars 66 60 43 107 276 
Gilts 77 91 48 108 324 
 Total 337 301 175 438 1251 
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Table 4-3 Overview of different performance trials of which the animal performance data 
were used in this study 
Trial Hybrid 










Grower Pre-finisher Finisher 
          Ne  SID 
LYS  
Ne  SID 
LYS  










30 9 105,110, 9.7 10.4 10.2 9.5 8.6 9.4 
115,120, 
125,130 
C2 Topigs20 110 9 130 9.7 9.2 9.5 8.1 9.5 7.7 
9.7 8.2 
D2 Topigs20 99 10 105,117,     9.5 9.4 9.3 7.9 
130 
1: Standardized, individually housed 2: Commercially, group housed BO: Boars, GI: Gilts, IC: 
GnRH-vaccinated boars, BA: barrows  Ne: Net Energy (MJ/kg), SID LYS: Standardized ileal 
digestible lysine (g/kg)  3: Boars were fed a different finisher diet in trial C 4:Number of animals 
per sex were balanced in trials B,C and D. The unbalanced numbers for trial are specified.   
 
Evaluation of model accuracy 
Residual sum of squares (RSS) and root means squared error (RMSE) were calculated to 
evaluate model goodness-of-fit (GOF) for the different sexes. Significant differences in GOF 
between models were evaluated with an F-test. Models with an equal number of parameters 
were evaluated with an F-statistic of the form: 
    with RSS1 > RSS2 (Motulsky and Ransnas,1987).  
Values of the F-statistic greater than the critical value for the F-distribution with corresponding 
degrees of freedom and a desired level of α, lead to rejection of H0: both models fit the data 
equally well. The test requires the model with the largest RSS to be the numerator in the test 
statistic, the outcome of the test thus depends on the RSS of both models X and Y that are 
compared. Consequently, depending on the calculated RSS of X and Y one can obtain 
significant differences in GOF with X being more accurate than model Y, or vice versa, or both 
models X and Y fit the data equally well. 





  (Motulsky and Ransnas, 1987) 
with RSS1 and df1 and RSS2 and df2 referring to the model with the lowest and highest number 
of parameters, respectively. The p-value is then calculated for an F-distribution with (df1 -df2) 
and df2 as corresponding degrees of freedom. P-values smaller than α indicate that the more 
complex model, i.e., the model with more parameters, is more accurate than the simpler one. 
Comparisons between models with unequal amounts of parameters test whether the more 
complex model is the more accurate of the two. However, in some observations the RSS of 
the more complex models were higher than for some of the simpler models. This leads to a 
negative F-statistic. The occurrence of a negative F-statistic when comparing a more complex 
with a simpler model was counted as a relevant difference in accuracy in favor of the simpler 
model under comparison.  
Since there were seven models for live weight to be compared reciprocally, in total 21 model 
combinations for live weight had to be investigated . Similarly, reciprocal 
comparison of the three models for feed intake led to three model combinations to be 
compared. All 21 combinations of live weight models and three model combinations for feed 
intake were statistically evaluated for significant differences in GOF. Each model combination 
was evaluated separately for each sex in each trial, producing 16 (four sexes in four trials) p-
values for each model combination. 
Analysis of calibration possibilities 
The evaluation of calibration possibilities focused on the performance of the models to predict 
the observed data when the model’s parameters were estimated with a reduction of the data 
set that was initially used for detecting the differences in GOF. The reduction of the dataset 
was done to mimic the use of these performance models in a farming context in which data 
collection during the production cycle is limited. The calibration dataset included the age and 
weight of the pigs at the start of the fattening period, and weight and total feed intake at delivery 
at about 218 days of age, which corresponds to a fattening duration of about 21 weeks and 
covers the range in fattening duration that is common in conventional pig production in 
Western-Europe. Additional data points that were included in the calibration dataset 
corresponded to the ages at which the pigs approximately reached the weight of 40 and 70 kg. 
These data points were considered because these are typical moments to switch to a next 
feeding phase in a three-phase feeding strategy and it would be logical to collect data at these 
moments to enable a calculation of average animal performance per feeding phase. 
Parameters for the different models were estimated on this calibration data set. Subsequently, 
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RMSE were calculated for weight, and CFI as a function of age, between the predictions made 
with the calibrated models and the recorded observations. Segregated slaughter bias was 
detected in the original dataset. This was provoked by slaughtering animals at target weight 
instead of a target age, which leads to a biased estimation of the model parameters when 
faster growing animals leave the dataset earlier than slower growing animals. Therefore, the 
RMSE were calculated only for predictions and observations between the age at start and the 
age of 218 days. Up to this age the majority of animals were still present in the dataset. 
Additionally, model performance was evaluated by linearly regressing observed versus 
predicted values (Piñeiro et al., 2008) using major axis regression (Mesplé et al., 1996). Again, 
only the observations made until 218 days of age were included in this analysis. A model with 
good predictive capacity should result in a regression line with a slope not significantly different 
from one and an intercept not significantly different from zero. This protocol was executed for 
both the live weight and the feed intake models. 
Modelling the response to the booster vaccination in GnRH-vaccinated males 
To investigate  accuracy of explicitly modelling the animal’s response to the booster GnRH-
vaccination, i.e. a marked increase in daily feed intake that might temporarily boost daily growth  
(see Millet et al, 2011; Van den Broeke et al., 2016), the Giesen feed intake model and the 
Bridges growth model were extended. In a preliminary analysis of a large number of individual 
pig data of GnRH-vaccinated males on daily feed intake and daily growth, the response in feed 
intake and growth rate was investigated (not published). Feed intake in the trajectory up to 10 
days after the booster vaccination was modelled by the Giesen daily feed intake model, after 




 Which gives the following equation to describe cumulative feed intake.  
  (6) 
 (7) 
To model the evolution in time of the relative growth response to the booster vaccination, the 
approach of Schinckel et al. (2003), who modelled the relative response to ractopamine 
supplementation, was adapted. The Bridges growth model was fitted to the live weight 




Secondly, the mean response in growth between the observations and the control curve was 
calculated for the 4-week period after the second vaccination. Next, the relative response was 
calculated as the weekly growth response divided by the mean growth response over the 4-
week period. Lastly, the natural logarithm of the relative response was modelled by  
.  
The daily growth rate after second vaccination can then be described as:  
 with MR being, 
the mean growth response to vaccination over the 4 weeks after the second vaccination. The 
parameter values , estimated in the preliminary analysis, were used as fixed 
values in the analysis of the current study.  Herein, only the parameters Wf, a, m and the MR 
were adjusted to fit the observations.  
The second vaccination, was executed at a specific target average pen weight, aiming at the 
recommendatory four weeks before slaughter (Aluwé et al., 2016). Consequently, due to 
differences in growth rates between pens, pigs differed in their age at vaccination. Therefore, 
the animals were grouped according to their age at second vaccination and the extended 
models were fitted to the group data. As a benchmark to evaluate extended models, the regular 
Giesen feed intake model and the regular Bridges growth model (Table 4-1) without the 
extensions were fitted to the data grouped by age at vaccination. This division in groups of age 
at second vaccination somehow ranked the pens according to their growth rate, and the 
consecutive fitting of curves to these groups absorbed some of the between-pen variability, 
which is not the case for the other sexes. Therefore, these results for the GnRH-vaccinated 
animals cannot be directly compared with those of the other sexes.  
4.4 Results 
Accuracy of the live weight models 
With the estimation algorithm, no difficulties were encountered in fitting the 3-parameter live 
weight models (Bridges, Monomolecular, Gompertz) and the 4-parameter live weight models 
(Bridges and Generalized Michaelis-Menten) to the data. Convergence of the 4-parameter 
Richards model was sensitive to the initial parameter input values. The numerically integrated 
Giesen live weight model easily converged when fitted to the observations. RMSE values for 
each model were calculated per sex and per trial, but for clarity the average RMSE across 
trials are shown in Figure 4-1.  
For all sexes except the GnRH-vaccinated animals, the models showed a similar ranking  
based on RMSE with Giesen being the most accurate followed by both Bridges and GMM and 
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next came the Gompertz model. The differences in RMSE values for these models were 
limited. The CFIW, the monomolecular model with age as explanatory variable and Richards 
showed the highest RMSE values. For GnRH-vaccinated males, the GMM model showed 
lower RMSE than the Bridges model. Barrows showed the lowest RMSE on average, the boars 
and gilts being intermediate and the GnRH- vaccinated males showing the highest RMSE.  
 
Figure 4-1 Model accuracy for the empirical dynamic live weight models (Bridges, Giesen, 
Gompertz, CFIW, Monomolecular, Richards and Generalized Michaelis-Menten) expressed as 
RMSE of predicted pig weight. Values per sex are averages calculated over the 4 performance 
trials. 
The analysis of differences in GOF between the different models is shown in Table 4-4. 
Reading the table horizontally, one can read the number of tests in which the model in row i 
had a significant better fit compared to the model in column j. For example, the Bridges model 
was better in 10 out of 16 tests compared to the CFIW model. Next, one can see that for the 
total of 96 tests comparing Bridges with another model it was better in 29 tests. Vertically, one 
reads the number of test for which the model in column j was outperformed by the model in 
row i. For example, Bridges had a significant worse fit compared to Giesen in 4 out of 16 tests 
and in total in 10 of the 96 test Bridges was outperformed by another model. The analysis did 
not indicate that one specific model significantly outperforms the other models for all sexes in 
all trials. For example, the Giesen model was compared with six other models; this comparison 
was done for four sexes in four trials. If this model had been absolutely superior it should have 
shown 96 (6x4x4) significantly better fits when compared to the other models. The analysis 
showed that assuming a monomolecular growth process as a function of age is not a good 
representation: in all comparisons of the monomolecular model, the other models performed 


































The models, describing a sigmoidal growth pattern (Bridges, Gompertz, Giesen, GMM, CFIW, 
Richards) were better. In the majority of the model comparisons, the least accurate model was 
the 4-parameter Richards model. Based on the RMSE values, the Giesen live weight model 
was expected to be more accurate than the other models. When compared to CFIW, Richards 
and the Monomolecular model, the Giesen model was significantly better in 12 of 16 tests for 
each of these model comparisons. Compared to the Gompertz, Bridges and GMM models, 
Giesen was never the worst model, and was significantly better in 6 out of 16 tests when 
compared to Gompertz and 4 out of 16 tests when compared to Bridges. In direct comparison 
of Giesen with the GMM, there were no significant differences in performance, but GMM 
outperformed both Bridges and Gompertz in 4 out of 16 tests. No significant differences in 
GOF were observed between the Bridges and Gompertz models. However, the Bridges model 
showed two (28 vs. 26) more significantly better fits in comparisons with other models than the 
Gompertz model did. Bridges had only a significantly worse GOF in six tests, while Gompertz 
was outperformed in eight tests.  
Accuracy of feed intake models 
Large differences in RMSE were found between the Giesen and CFIW model. The RMSE of 
predicted cumulative feed intake versus observations were more than double for CFIW as 
compared to Giesen. For barrows, RMSE were 10.0 kg for Giesen versus 33.0 kg for CFIW. 
Boars showed an RMSE of 9.3 kg for Giesen and a RMSE of 23.7 for CFIW. Similarly, the 
RMSE for GnRH-vaccinated boars with the Giesen model was 8.5 kg versus 21.9 kg for CFIW. 
Finally, gilts showed a RMSE of 7.0 kg for Giesen versus 19.1 kg for CFIW. The statistical 
evaluation of the differences in GOF, showed that the Giesen model performed significantly 
better in 16 out of 16 tests. The analysis for the Bridges model used for feed intake, showed 
that when fitting the model to cumulative feed intake data, without restrictions on the parameter 
values, the model converged to a linear increase in cumulative feed intake as a result of a 
constant value for daily feed intake. With restrictions on the parameter values (DFIf <= 3; -
10<=m<=-8; 1<a<=2), a more gradual increase to an asymptotic value for daily feed intake 
was obtained. Still, compared to the Giesen model, the RMSE values were higher. Barrows 
showed on average an RMSE of 15.7 kg. For boars the value of the RMSE was 13.3 kg on 
average. GnRH-vaccinated males and gilts had an RMSE of 12.4 and 10 kg respectively. The 
F-test for differences in GOF showed 8 out of 16 significant differences in favor of the Giesen 



































































































































































































































































































































































































Performance of live weight models after calibration with limited data  
Based on the analysis of model accuracy, the Giesen, Bridges and GMM models were retained 
to test their performance in predicting the observations, when model parameters were 
estimated according to the calibration protocol. All models converged without difficulty to stable 
solutions when fitted to the calibration dataset. Due to selection bias in the entire dataset, the 
models showed overestimation of live weight beyond 130 kg (Figures 4-3 and 4-4) (see 
Discussion, below). For this reason, RMSE between predictions and observation obtained with 
the calibrated models are presented only for predicting the observations in the dataset limited 
to 218 days or less (Figure 4-2). In general, the differences in RMSE between the calibrated 
models were small. On average, the difference in RMSE between the Giesen en Bridges model 
was 0.28 kg, between Giesen en GMM the difference was 0.38 kg and between Bridges and 
GMM the difference in RMSE was 0.1 kg.  
Based on the major axis regression of observed vs. predicted values (Figures 4-3) the Bridges 
model was superior to the Giesen model. The intercept of the regression line for the Bridges 
model was not significantly different from zero (95%CI [-0.94; 0.32]) while its slope was not 
significantly different from one (95%CI [0.98; 1.00] ). In contrast, the regression analysis for 
the Giesen model showed a superimposition of an averaged underestimation (intercept 95%CI 
[0.81; 1.94]) and a small but significant gap between predicted and observed values, which is 
proportional to the values of the data points (slope 95%CI [0.97; 0.99]). The model 
underestimated the live weight at younger ages while gradual overestimation seemed to occur 
at older ages. Similarly, the results of the regression for the GMM, indicate the slope to be 
significantly different from one (95%CI[ 0.9703; 0.9865] and an intercept significantly different 
from zero CI95%[0.8727;2.1807]. An illustration of the fitted Bridges, Giesen and GMM models 
after calibration are presented for the trial data of trial C in Figure 4-4. 




Figure 4-2 Model accuracy expressed as RMSE of predicted average pig weight with the 
Giesen, Bridges and Generalized Michaelis-Menten life weight models after trial and sex 
specific calibration with limited data. RMSE are calculated for predicting the observations for 





Figure 4-3 Linear regression plot of observed versus predicted values of pig weight made with 
A) the Giesen , B) the Bridges and C) the Generalized Michaelis-Menten live weight model, 
after trial and sex specific calibration with limited data. The regression equation and coefficient 
of determination are based only on the observations and predictions made at 218 days of age 
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Performance of feed intake models after calibration with limited data  
CFIW was not considered for further testing because of the large difference in GOF that was 
detected in the analysis of accuracy. Similarly, the Bridges model for feed intake was not 
evaluated because of its need for parameter restrictions and the average gap in RMSE with 
the Giesen model. The regression of observed versus predicted cumulative feed intake (for 
ages up to 218 days) indicated that the Giesen model predicted the observations well (Figure 
4-6). The 95%CI for the intercept of the regression was [-0.28; 1.59], indicating no systematic 
over- or underestimation.  The 95%CI for the slope of the regression was [0.98; 1.00] (slope ≈ 
1 and intercept ≈ 0). An illustration of the estimated evolutions in cumulative feed intake after 
calibration of the Giesen model is presented for the trial data of trial C in Figure 4-7. 
 
Figure 4-5 Model accuracy expressed as RMSE of predicted pig´s cumulative feed intake at 
pen level with the Giesen feed intake model after trial and sex specific calibration with limited 
data. RMSE are calculated for predicting the observations for age up to 218 days.  
  




Figure 4-6 Linear regression plot of observed versus predicted values of pig´s cumulative feed 
intake at pen level made with the Giesen feed intake model after trial and sex specific 
calibration with limited data. The regression equation and coefficient of determination are 
based only on the observations and predictions made at 218 days of age or less. Stars 
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Accuracy of the extended models  for live weight and cumulative feed intake of GnRH-
vaccinated males 
Both the extended and original Bridges model converged when fitted to the data grouped by 
age at second vaccination. However, for some groups of animals, the parameter MR, the mean 
growth response to the second vaccination, had a value of zero. The live weight of these 
groups were thus described by a model without a sudden increase in growth rate after the 
second vaccination. RMSE values were 3.41 kg for the extended Bridges model compared to 
3.39 for the original Bridges model. As was expected, the fitting of the extended and original 
Bridges model to data grouped by age at second vaccination, improved the RMSE of the 
predicted live weight values. Major axis regression was also executed to evaluate model 
performance (Figure 4-8). This analysis still indicates poor model quality for the GnRH-
vaccinated males. For the extended Bridges growth model a combination of a structural 
overestimation (intercept CI95%[-5.1158;-3.2299]) and a small underestimation proportional to 
the prediction (slope CI95%[1.0105;1.0335]) were detected. The Bridges model without the 
extension also showed a structural overestimation (intercept CI95%[-4.1674;-2.4385]). For this 
model the slope between predicted and observed live weight values did not significantly differ 
from 1 (slope CI95[0.9971;1.0181]). 
The extended Giesen feed intake model resulted in an RMSE of 11.0 kg, while fitting the 
original Giesen model to the data produced an RMSE of 6.74 kg. Moreover, the coefficient for 
the quadratic term in the extended Giesen model never exceeded zero. This low suitability was 
also confirmed in the major axis regression (Figure 4-9). The intercept significantly differed 
form 0 (CI95% [1.9280;6.5733]) and the slope was different from 1 (CI95%[0.9282;0.9644]). 
The original Giesen model produced a lower RMSE, but also for this model the regression 
detected a structural overestimation (intercept CI95%[-2.9830;-0.8743]) and an small 
overestimation proportional to the prediction (slope CI95%[1.0029;1.0197]).  




Figure 4-8 Linear regression plot of observed versus predicted values of average pig weight 
made with A) the extended Bridges model and B) the original Bridges model. Models were 
fitted to data per group of pigs receiving the second GnRH-vaccination at the same age. 
 
 
Figure 4-9 Linear regression plot of observed versus predicted values of average pig 
cumulative feed intake made with A) the extended Giesen model and B) the original Giesen 
model. Models were fitted to data per group of pigs receiving the second GnRH-vaccination at 
the same age. 
  




The research focus was on accuracy and calibration possibilities of functional forms to 
dynamically describe growth and feed intake of pigs. A reasonably accurate estimate of the 
average pen weight was obtained for boars, barrows and gilts, with the Bridges, GMM and 
Giesen model and the latter was also suited to estimate the pen’s feed intake curve. This may 
indicate that the sigmoid functional form is appropriate to describe the basic time-dependent 
performance processes of pigs. With respect to calibration, the same three models showed 
little differences in describing the live weight data after parameter calibration with a limited 
dataset, with only the Bridges model yielding a slightly better live weight model. For GnRH-
vaccinated animals, however, unstable variance with increasing age of the animal was 
detected, when the Giesen model was fitted to the data without grouping by age at second 
vaccination. These animals are characterized by a marked increase in feed intake in 
comparison to boars after the booster vaccination (Van den Broeke et al., 2016; Millet et al., 
2011), which can affect the growth rate after the second vaccination as well. Extended models 
that explicitly describe the response to the vaccination did not improve accuracy compared to 
their non-extended counterparts that were fitted to the data grouped by age at second 
vaccination. This indicates that responses are more pronounced in marginal data (i.e. daily 
gain and daily feed intake) than in cumulative data (live weight and cumulative feed intake). 
Another flaw in describing the growth response to the second vaccination was the use of fixed 
values in describing the evolution of the relative growth response. The data collected for the 
current study did not allow to include all those coefficients as variants and the trials were not 
set up with the intention of an in depth-analysis of the growth modelling of GnRH-vaccinated 
males. In this sense, the work on the performance modelling of GnRH-vaccinated males is 
explorative and preliminary.  
Despite the successful tests on some functional forms, one major observation needs further 
discussion: observations at higher live weights deviate more from the fitted curve. This 
deviation might be caused by two factors. First, variability in growth rate and feed intake tends 
to increase with age of the animals (Andersen and Pedersen, 1996; Craig and Schinckel, 2001) 
and originates mainly from differences in genetic potential and competitive interactions 
between animals. Consequently, these fixed effect prediction models may be less suited for 
heavier live weights. Second, results are influenced by selection bias: when pigs are 
slaughtered at a target weight, which is common practice to prevent discounts from undesirable 
delivery weights, observations at higher ages correspond to slower growing animals and 
consequently the observed mean live weight at older ages is a biased estimation of the 
population mean (Craig and Schinckel, 2001). Using data only up to the age of 218 days mostly 
overcame this bias. Moreover, with this maximal age the common range of fattening duration 
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for conventional pig farming is still covered. While the prediction of live weight in function of 
age was fairly accurate and the variance around the average seemed stable in time, the graphs 
for the dynamic feed intake models showed increasing variance around the average curve for 
predictions at older age. This may be troublesome for the construction of confidence limits for 
individual predictions at a certain age. The resulting bias in parameter estimates can be 
resolved in two ways: First, one can slaughter the animals at a fixed target age instead of a 
target weight. Due to the biological variation between pigs at a given age, this option, however, 
implies costs in terms of market discounts from delivering pigs with undesirable weights. 
Second, instead of fixed effects models, mixed effects models can be used, in which random 
effects are attributed to individual animals (Craig and Schinckel, 2001; Schinckel and Craig, 
2002). These random effect models are unbiased and are capable of accounting for the 
evolution in variance, which make them suited for stochastic modelling (Craig and Schinckel, 
2001). In addition to having more accurate parameter estimates, confidence limits for individual 
predictions can be constructed with the obtained information. Moreover, random effects can 
still be used when animal performance is monitored at the animal level but not linked with 
individual animal identification. Schinckel et al.,(2009b), showed that ranking and grouping of 
daily live weight data into percentiles and attributing a random effect to the percentile group 
allows to model the variation in pig live weights with age. The mixed effects approach, however, 
demands much more observations of individual animals: besides the parameters, variances 
for the random effects and possibly covariances between them have to be estimated. For 
example Schinckel et al. (2009a) had complete serial body weight data for 1,932 individual 
pigs. This solution will rely heavily on automated and individual registration of animal 
performance, requiring investments. A potential next step for research could be what the 
minimal amount of individual animal data would be in order for on-farm application of the 
random effects approach. This way variability between animals could be simulated and taken 
into account in the farm management decisions. 
The final aim of the pig performance curves is to serve as building blocks for mechanistically 
constructing the pig farm’s production function. Models appropriate for this objective are limited 
to dynamic ones. These dynamic models explicitly model the evolution in animal performance 
as a function of time. Static models lack the explicit time dimension and many of them describe 
feed intake use with live weight as a predictor. This is a logical consequence of the link between 
the animals’ requirements for nutrients for maintenance and growth, which can only be fulfilled 
by feed intake. Consequently, the Giesen and Bridges model for feed intake were the only 
empirical dynamic models that were readily available besides random coefficient polynomials 
(which were not included in the evaluation due to the need for observations of individual 
animals). The model CFIW was constructed to fill this gap. The approach to, first initiate the 
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model with a starting value for live weight followed by iterative construction of the live weight 
curve was adopted from van Milgen et al. (2008). In accordance, first, an empirical prediction 
of feed intake was made based on the live weight of the animal, and second, a prediction of 
the growth of the animal based on its feed intake was made. It is important to note that the 
CFIW model does not mechanistically models the growth of the pig based on its protein 
accretion potential and the requirements for energy and amino acid supply that need to be 
fulfilled to express the pig’s genetic growth potential (as in Inraporc®, INRA, Rennes, France) 
by van Milgen et al., 2008). In CFIW growth was predicted from cumulative feed intake using 
an empirical static model, describing a continual decrease in feed efficiency which reaches 
zero for an asymptotic value of the animal’s mature weight (Schulin-Zeuthen et al., 2008). 
CFIW did not perform as well as the dynamic Giesen and Bridges models for predicting growth 
and especially not for the description of feed intake as a function of the pig’s age. This is 
probably due to the accumulation of prediction errors from the two curves and a possibly 
inaccurate description of the decrease in feed efficiency.   
A final issue to discuss is the stability of the parameters in the performance curves over several 
production cycles or in circumstances outside the context of the originally collected data (Black, 
1995). Not only major changes in management, feed, pig genetics and the pigs’ environment 
(Schinckel et al., 2009a), but also seasonal variations in temperature affecting the pig’s thermal 
comfort, can alter the shape of performance curves. This makes recalibration necessary. The 
issue of changing or changed condition outside the context of original data collection and 
model fitting can be tackled by other techniques. For example, Bayesian updating is able to 
“learn” when new information becomes available about the growth of that specific pen 
(Kristensen et al., 2012). Bayesian updating is based on repeatedly estimating the probability 
distributions of performance parameters (i.e. growth and feed intake). In addition to the 
estimation of the mean, the estimation procedure requires also information on the standard 
deviation of the performance parameters. It is a powerful technique and it has already been 
applied for the pig delivery weight optimization (Kure et al.,1997; Kristensen et al., 2012; 
Pourmoayed et al., 2016), The estimation of probability distributions of animal performance 
requires individual animal data. Therefore Bayesian updating is often linked to on-line 
automated registration of sensor data. As such, continuous registration and Bayesian updating 
provide the total picture: in addition to the mean, information on the variation between pens 
and between individual pigs becomes available. More important, predictions can be made as 
well. Besides the fact that the majority of farms do not yet correspond to this on-line frequent 
data registration, and thus directly benefit from our results, our findings may also serve to 
provide prior estimates in the more precision livestock farming systems.  
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Still, automated high frequent animal performance monitoring would require capital 
investments. Considering the persistent economic difficulties in the pig industry, such 
investments might be a barrier to PLF adoption. Especially, for small and medium sized farms 
for which the feasibility of PLF adoption was still unclear  (EIP-AGRI focus group on precision 
farming, 2015). Therefore, the potential of other Machine Learning techniques in a context of 
limited data availability should be investigated. For small to medium sized feedlot operations, 
Flores et al. (2017), showed that combining established machine learning methods, gradient 
boosting and random forest regression, can successfully predict bovine growth patterns with 
as little as three data points.  
4.6 Conclusion 
Sigmoid performance curves, such as the Giesen and Bridges models, yield a good estimate 
of a sex-specific weight curve as a function of the animal’s age, both in terms of accuracy and 
potential to calibrate to farm-specific key figures, as traditionally observed in still the majority 
of practical circumstances. In addition, the Giesen model can be applied to estimate the feed 
intake curve, at least for boars, barrows and gilts. Finally, extensions to the Giesen or the 
Bridges model help to account for discontinue events, such as a growth shock caused by 
GnRH-vaccination but need further investigation.  
Some limits are observed, but they must be evaluated in their context. Fitting and calibration 
is done on averages of mostly a small amount of data and do not take the variation between 
pigs, nor its evolution in time into account. Consequently, the potential for operational 
optimization of pig marketing is rather low. Application of these performance curves might thus 
be limited to those farms who traditionally rely on simple key figures and have limited data 
collection during a production cycle. But, as the Giesen and Bridges models yield fairly 
accurate average live weight and average feed intake estimates in function of age, their 
advantage is that unobserved heterogeneity and farm specificity in a dataset of pig farms can 
be accounted for. This feature makes the approach a valuable alternative for the traditional 
techniques such as Stochastic Frontier Analysis and Data Envelopment Analysis. Limits such 
as selection bias and the stability of parameter estimates over several production cycles should 
be seen as challenges for a richer data collection in a precision livestock farming setting. The 
results of the accuracy and farm-specific calibration study must then be considered as 
supportive for farm-specific prior expected information derived from average key figures.  
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Stakeholder-driven modelling the 
impact of animal performance profile 
and market conditions on optimal 
delivery weight in growing-finishing 
pig production 
 
Contribution to the dissertation:  
In this chapter the descriptive gross margin model is presented, which was developed under 
impetus of the participatory decision problem analysis described in chapter 3. The model is 
based on the best performing animal performance models in chapter 4. The model describes 
the evolutions in revenue, feed costs, feeder piglet cost, manure disposal costs and other 
variable batch related costs, both at the animal level and the annual barn level. In addition to 
the mere optimization results, the graphical evolutions in gross margin enables the 
assessment of the effect of suboptimal decisions regarding PDWO. A sensitivity analysis was 
executed to investigate the corroboration of the models’ output with previous studies on 
PDWO and to answer key question regarding PDWO, held by the stakeholders. 
This chapter produces important insights into PDWO, regarding the driving mechanisms 
behind PDWO and regarding its importance in current farm management. These are needed 
to address the first general research question of the dissertation that focuses on assessing 
PDWO in current farm management.  
In relation to general research question 2, this chapter presents the concrete translation of the 
outcome of the participatory decision problem analysis, i.e. a blueprint or proposal for a model, 
into a spreadsheet model that has to meet the needs and the constraints of the stakeholders. 
The comparison of the model’s result with previous PDWO studies allowed us to assess 
whether the trade-off between model complexity and model accuracy is well-balanced and 
leads to credible insights into PDWO. 
The insights into the mechanisms behind PDWO and the determinants of its current 
importance for farm management are used as starting points for the reflection in the context 
of general research question 3, on how the importance and approach to PDWO in farm 
management can evolve in the future. 
Adapted from:  
Leen F., Van den Broeke A., Aluwé M., Lauwers L., Millet S., Van Meensel J.  Stakeholder-
driven modelling the impact of animal performance profile and market conditions on optimal 
delivery weight in growing-finishing pig production. Agricultural Systems  




Chapter 5 Stakeholder-driven modelling the impact of animal 
performance profile and market conditions on optimal delivery 
weight in growing-finishing pig production 
 
5.1 Paper abstract 
Pig delivery weight optimisation has been studied extensively and has resulted in several 
optimisation models. A previous farm-level participatory analysis of the problem has revealed 
that existing models are too complex and might therefore be under-valorised. Farmers desire 
a simple but reliable model based on available farm data. A spreadsheet simulation model was 
therefore developed based on empirical animal performance models. The present study aims 
at conceptualising a stakeholder-driven model concerning PDWO that should provide insights 
into four key questions: I) how do the driving forces behind the optimisation determine the 
optima, II) what is the dependency of the optimal delivery weight on market conditions, III) how 
do the opportunity costs due to suboptimal delivery evolve, in addition to the mere optimisation 
results and IV) what is the effect of differences in animal performance profile, in terms of 
growth, feed intake and average carcass quality on the optimal delivery results? The results 
generated by the simulation model generally align with those generated using more 
sophisticated modelling approaches in previous studies. Our results indicate that the animal 
profile can more importantly affect the  optima, the stability of the optima and economic 
importance of delivery weight optimisation compared to market conditions. Moreover, the effect 
of market conditions on the optimisation was dependent on the animal profile, which 
determines the flatness of the payoff curve per pig. The possible flat payoff curves imply that 
the benefits of accurate PDWO can be limited and that some error margin in decisions on 
PDWO can be exploited. Moreover, this finding illustrates and corroborates the increased 
benefit of a shift in technology, i.e. an improved animal performance, compared to striving for 
the optimum on the production function of an inferior technology. Using this simplified model, 
farmers can determine the flatness of their farm-specific payoff curve and the stability of their 
farm-specific optima. That information may help them to determine the appropriateness of 
applying a robust decision-supportive rule about optimal delivery weight on their farm.  






In order to improve their enterprise’s profitability, pig producers strive for improved efficiency 
of production through optimisation of their management. Optimisation of slaughter 
management (decisions on slaughter weight and timing of slaughter) has been the subject of 
many studies. This subject is explored indirectly in studies focusing on the determination of the 
correct decision rule for profit maximisation per unit of time from batch production (Heady et 
al., 1976; Kawaguchi and Kennedy, 1989) as well as directly in studies exploring the integrated 
optimisation of feeding and slaughter decisions (Boland et al., 1993; Chavas et al., 1985; Jolly 
et al., 1980; Niemi, 2006; Niemi et al., 2010) and studies on the optimisation of delivery 
strategies for heterogeneous herd (Boys et al., 2007; Kristensen et al., 2012; Kure, 1997) 
Despite the wealth of insights generated in those studies, the industry is again requesting 
investigations into the optimal delivery weight problem. This renewed interest has a two-fold 
explanation: a dynamic and spatially situated decision context and a changing production 
process. Pricing schemes and market conditions can differ between different regions and have 
changed over time, which may imply a need for updated delivery weight information. 
Genotypes have also been improved by genetic selection and alternatives for surgical 
castrated males, i.e. intact and GnRH-vaccinated males, are increasingly applied as a 
response to welfare concerns.  
Furthermore, the existing research insights might not have been fully valorised in practice, 
considering the implementation gap that decision support systems based on complex but 
accurate models often face (McCown et al., 2009). This incomplete valorisation may be related 
to the approach to the delivery weight problem. Researchers’ strategy has been to examine 
the total complexity inherent to the optimisation problem and then attempt to capture it fully in 
a model that does not always align with the way the farm managers experience the problem. 
This way the problem definition between researchers and stakeholders is not compatible 
(Jakku and Thorburn, 2010) which may lead to a mismatch between models and the intended 
end-users. One example is the integrated optimisation of feeding and slaughter decisions 
which assume that growth rate and carcass quality can be controlled. Ideally, both aspects of 
production would be optimized in a coherent way to improve overall production efficiency. In 
practice, however, farm managers may have incomplete control over carcass quality and 
growth rate, since precision livestock farming is not yet current practice on most farms. Some 
theoretical control variables cannot be fully controlled: because such control is only possible 
with complete, accurate and timely information and most farmers cannot yet collect or manage 
all of that data (Black, 2014).   
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The present study seeks answers to several related questions: What can be learned if the 
delivery weight optimisation problem is approached starting from the way the farm managers 
experience the problem? Which insights into the delivery weight optimisation would be 
obtained and would they align with those of previous studies? To which extent can the 
optimisation model be simplified while still providing meaningful insights for the farm manager? 
In this study we build upon a participatory decision problem analysis (Leen et al., 2017a). The 
present study has two aims: to conceptualise a stakeholder-driven model concerning the pig 
delivery weight optimisation problem and to investigate the insights this model provides on four 
key questions: I) how do the driving forces behind the optimisation determine the optima, II) 
what is the dependency of the optimal delivery weight on market conditions, III) how do the 
opportunity costs due to suboptimal delivery evolve, in addition to the mere optimisation results 
and IV) what is the effect of animal profile and differences in animal performance on the optimal 
delivery results? 
5.3 Materials and methods 
 
Outcome of the participatory decision problem analysis as a starting point 
The aim of the participatory problem analysis was to get a clear understanding of the practical 
decision context of the delivery weight decision. In that process stakeholders were involved in 
reframing the decision problem, i.e. listing the crucial factors and processes to be modelled 
and the questions to be answered. This analysis revealed that the consulted stakeholders’ 
priority was not to increase the level of detail and model sophistication to further improve the 
accuracy of the model’s results. Their priority was to get a relatively simple model, enabling 
the farmer to use the limited amount of available on-farm data to obtain farm-specific insights 
and learn about key issues into the delivery weight optimisation problem. The model should 
consider 1) pig prices and the dynamics in carcass weight based premiums and discounts, 2) 
piglet prices, 3) feed prices, 4) evolution in feed efficiency, 5) evolution in daily growth rate, 6) 
sex of the pig and 7) flexibility in feeder piglet supply (Chapter 3). Moreover, the model should 
consider a context with very limited data collection on production performance indicators (i.e. 
no disposal over on-line weight and feed intake registrations) during pig finishing and a two- or 
three-phase ad libitum feeding regime with predetermined phase transitions based on 
purchased compound feed. Furthermore, in the participatory DPA it was agreed with the 
stakeholders to focus on simulations that provide insight in the strategic and tactical 
organisation of the pig farm concerning PDWO. The reason is that on these longer term 
management levels decisions are made (e.g. facility design and piglet supply scheme), that 




Brief overview of the optimisation model 
Our simulation model was built in Microsoft Excel (version 2016) (Microsoft, Redmond,WA, 
USA) and requires limited data on animal performance, i.e. growth and feed intake and 
average carcass quality (see below) and mortality. These data are then used to estimate 
empirical growth and feed intake curves. Some barn management features are also required, 
such as the timing of feeding phase transitions and the idle time between two consecutive 
production cycles. This animal and management information is combined with prices for inputs 
and outputs to obtain calculations on revenues and costs. The model approaches the decision 
problem at the tactical level and not on the operational level on which decisions to market pigs 
are made at a weekly or daily basis. It provides information on the optimal organisation of the 
farm’s production scheme, i.e. number of feeder piglets required over a longer period. 
Consequently, the model uses long term average prices for inputs and outputs. Pig production 
is a continuous batch operation, thus optimisation needs to be executed per unit of time and 
not at batch level. Therefore the opportunity cost of replacement (OCR), i.e. the trade-off 
between extending a current batch versus starting the next batch should be taken into account 
(Kawaguchi and Kennedy, 1989). Therefore, fluxes of in- and outputs are calculated per 
finishing pig place per year for each day (i) in the production cycle. Based on these figures, 
costs and revenues per pig place per year can be calculated. The optimal finishing duration 
and delivery weight is determined as the point at which gross margin per finishing pig place 
per year is maximised. Gross margin is defined as the difference between revenues versus 
the sum of feed costs, costs for purchase or production of feeder piglets, operational costs per 
production cycle which do not vary with the length of the production cycle and costs for manure 
disposal.  
Models for animal performance 
Published empirical growth and feed intake models were evaluated for accuracy and 
calibration possibilities with limited data availability (Leen et al., 2017b). In that study, the 
growth model proposed by Bridges et al., (1986), modelling live weight (W) (equation 1) and 
its derivative  modelling daily growth (ADG) (equation 2) as a function of age and the daily feed 
intake (DFI) model by Giesen et al., (1988) (equation 3) were selected to model the basic 
biological processes of pig production. With a limited number of observations, these basic 
models allow for describing average animal growth and average feed intake and consequently 
the evolution in feed efficiency. Because of the differences in animal performance between 
sexes (Schinckel and De Lange, 1996), the model allows for establishing separate curves for 
females (gilts) and entire males (boars), surgically castrated males (barrows) or GnRH-
vaccinated boars.  
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The simulation model uses a carcass merit payment scheme based on the payment scheme 
used by the market leader in the Flemish packing industry. That scheme applies carcass 
weight premiums and discounts combined with an index for carcass value based on the lean 
meat percentage and carcass conformation determined by measurements from the 
AUTOFOM III (Carometec Food Technology, Herlev, Denmark). Analyses of slaughter results 
for this carcass quality index showed little evolution in the index with varying carcass weight 
(Appendix I), which is explained by a counterbalance of an improving carcass conformation 
and a slightly worsening lean meat percentage with increasing carcass weight. Far more 
variation in the carcass quality index was explained by sex. Consequently, the model treats 
carcass quality as invariant with carcass weight, while average carcass quality per sex is 
inserted as a model input. Similarly, dressing percentage is treated as a fixed parameter per 
sex and is considered as a model input.  
The live weight (Wi) and average daily growth (ADGi) as a function of age are modelled as 
follows:  
         (1) 
     (2) 
with Wm,sex the pig’s mature body weight, msex, the exponential growth decay constant and asex 
the kinetic order constant, with values determined separately for each sex. The index i 
denotes the day in the finishing period. 
     (3)  
    (4) 
with dsex, fsex, gsex the parameters in the DFI model adapted from Giesen et al. (1988) 
The amount of saleable carcass weight is obtained by multiplying the pig’s live weight by its 
slaughter efficiency or dressing percentage:  
           (5) 
Mortality affects the number of feeder pigs completing the entire production cycle, thus the 
fluxes of input and outputs need to be corrected for mortality. This correction is based on the 
approach of Van Meensel et al., (2010). The evolution in total mortality is modelled starting 
from the assumption that the probability of a pig’s death remains the same throughout the 
production cycle, similar to the assumption by Giesen et al. (1988) The daily probability of 
dying (Pbdaily mortality) is then determined from equation 6. The evolution in total mortality is 




live weight production (equation 8), carcass weight production (equation 9) and cumulative 
(equation 11) and daily feed intake (equation 12). 
      (6) 
     (7) 
      (8) 
 (9) 
        (10) 
          (11) 
          (12) 
Volumetric manure production ( , as an undesired output, is modelled from the dry 
matter intake and dry matter digestibility, the dry matter concentration of slurry and the 
volumetric weight of slurry, which is a simplified adaptation of the approach of Rigolot et al. 
(2010) (equation 13). 
   (13) 
with DMfeed , the dry matter content of feed, DMDfeed the dry matter digestibility of feed, DMslurry 
the dry matter content of slurry and ρslurry the density of slurry. 
Modelling inputs, outputs, revenues and costs for the finishing stage 
The gross margin (GM) between revenues, feed costs, feeder piglet costs, manure disposal 
costs and other operational costs per production cycle that do not depend on the finishing 
duration, is first calculated per pig. Revenue per pig on day i is calculated from its current 
carcass weight and corresponding weight and quality corrected unit price (equation 14). The 
payment grid with a detailed description of the premiums and discounts based on carcass 
weight and quality is included in Table 5-2. 
     (14) 
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with Pcw , Pcq as the premium or discount depending on the carcass weight and carcass quality, 
respectively. Feed costs are calculated with a three phase feeding regime taken into account. 
Three phase feeding adapts the feed content to the pig’s dynamic nutrient requirements (less 
energy and protein dense feed is required as the animals age) (Niemi et al., 2010), leading to 
declining unit feed prices (Pf1,2,3 ) in the phase feeding regime. 
     (15) 
with Pf1,2,3 the unit prices of feed in the corresponding feeding phase with changes of feeding 
phase at 40 and 70 kg of body weight.  
The total slurry disposal cost per pig at day i in finishing is calculated from the net slurry 
production multiplied by its unit disposal price: 
         (16) 
with PSD the unit price per m³ of slurry to be disposed. 
The batch costs per pig include the purchase or production cost of the feeder piglet and some 
expenses that do not vary with the production duration but which are needed to execute the 
production cycle, e.g. barn cleaning costs. 
        (17) 
with Pfeeder piglet the cost per feeder piglet and Pproduction cycle the fixed expenses per production 
cycle. 
The gross margin per pig is consequently calculated as follows: 
     (18) 
Equation 18 does not yet account for the opportunity cost of replacement. This is included in 
equation 19 by multiplying with the number of possible production cycles (Ri), which depends 
on the finishing duration (i) and the idle time (Tidle) between consecutive cycles. 
       (19) 
The objective of the model is thus to maximize the gross margin per pig place per year: 
           (20) 




The gross margin is maximised when its first derivative becomes zero (equation 21). This 
means that in this specific point an infinitesimal change in finishing duration will not lower or 
increase the gross margin. Given the definition of gross margin (equation 19) and the fact that 
both revenues and costs are affected by changes in finishing duration, the derivative of gross 
margin becoming zero means that in the optimum, the marginal changes in revenues and costs 
counterbalance each other. This is known as the marginality rule (equation 22). 
 (21)  
This can be rewritten as: 
       (22)   
Animal profiles and price scenarios 
To challenge the model with differences in animal performance and to investigate the effect on 
the optima, animal profiles in terms of growth, feed intake and carcass quality were established 
based on pigs from different sex were used. A logical and realistic physiological relationships 
between parameters could be assumed (e.g. with higher feed intake faster growth is expected). 
In total 78 animal profiles (20 barrows, 20 boars, 19 gilts, 19 GnRH-vaccinated boars) were 
constructed based on an animal performance trial described in Van den Broeke et al., (2016). 
Pigs from a commercial cross of a hybrid sow (Ra-Se genetics®) with a Belgian Piétrain sire 
were individually housed and fed ad libitum on a three phase diet. Individual data registration 
allowed the performance curves to be estimated at the individual animal level. Growth and 
feed intake curves were constructed by non-linear regression on serial body weight and feed 
intake recordings, using the least squares parameter estimation procedure described in 
chapter 4 for equations 2 and 4. The animal profiles merely provided the analysis with realistic 
differences in animal performance. There was no intention to make a comparison between the 
sexes and to present the current differences in animal performance and the resulting 
differences in gross margin to be universal for the industry, as animal performance can be 
affected by numerous other factors in addition to sex.  
A base price scenario (Base) was defined with average prices for finisher pigs, feeder piglets 
and feed over the 5-year period between 2012 and 2016 (Table 5-1). In the scenario analysis, 
the prices for pigs, feed and piglets were altered from the base scenario with 10% increases 
(Table 5-3). The scenarios varied by which prices were increased and whether just one (Feed, 
Piglet or Pig) or two (Piglet, Feed; Piglet, Pig; Pig, Feed ) of the three prices were altered, 
with the name of the scenario indicating which input or output price was increased. Last, in 
scenario Base+10%, all three prices were increased. Additionally, the cost for GnRH-
vaccination was estimated to be 3 euro per animal and manure disposal costs were set at 17 
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euro per m³ of slurry. Some extra costs, like barn cleaning, bedding material, etc., are invariant 
with finishing duration and fixed per production cycle. These costs were incorporated in 
Pproduction cycle  assuming 3.50 euro per batch.  For the analysis it was assumed that the unit prices 






Table 5-1 Input and output prices used in the scenario analysis  
Scenario Finisher pig  Feeder piglet Feed F1 F2 F3 
 €/kg carcass €/piglet €/ton €/ton €/ton €/ton 
Base 1.20 41.00 258 279 258 237 
Feed 1.20 41.00 284 307 284 261 
Piglet 1.20 45.10 258 279 258 237 
Pig 1.32 41.00 258 279 258 237 
Piglet, Feed 1.20 45.10 284 307 284 261 
Piglet, Pig 1.32 45.10 258 279 258 237 
Pig, Feed 1.32 41.00 284 307 284 261 
Base+10% 1.32 45.10 284 307 284 261 
The base price scenario consists  of the 5 year averaged prices for pigs, piglets and feed over 
the years 2011-2015 in Flanders, (obtained from the Flanders Government, Department of 
Agriculture and Fisheries )  
 
Table 5-2 Price premiums and discounts per kg carcass considered in the analysis 
Gilts, Barrows, GnRH-Boars Boars 
Carcass weight limits (kg) Premium/Discount  
(€/kg carcass) 
Carcass weight limits (kg) Premium/Discount  
(€/kg carcass) 
<50 -0.52 <50 -0.52 
50-60 0.37 50-60 0.37 
60-65 -0.22 60-65 -0.22 
65-80 0 65-80 0 
80-85 0.02 80-85 0.02 
85-95 0.06 85-95 0.06 
95-105 0.02 95-100 0.02 
105-115 0 100-105 0 
115-125 -0.05 105-115 -0.05 
>125 -0.32 115-125 -0.075   
>125 -0.32 
 
Simulations results and statistical analysis 
The delivery weight optimisation was iterated for all the 78 animal profiles in all of the 8 price 
scenarios. The simulation results consisted of the optimal delivery weight, the optimal finishing 
duration, optimal barn turnover, gross margin per pig, gross margin per pig place per year and 
the losses in gross margin per pig place per year when delivering pigs either underweight or 
overweight by 2 and 5 kg. A statistical analysis was done for these response variables. All 
parameters were analysed using the lmer function in R 3.2.2 (R Core Team, 2015). Animal 
was considered as experimental unit. The response variables were analysed with a linear 
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mixed model including sex, scenario and their interaction. If the interaction yielded a P-value 
> 0.05, the analysis was repeated without the interaction term including a random effect 
attributed to the individual animal profile. Pairwise comparisons between the different 
scenarios were evaluated with a Tukey test, within each sex and considered significant if P < 
0.05. 
5.4 Results and discussion  
Understanding the driving forces behind the delivery weight optimisation 
Revenues and different costs evolve with increasing finishing duration. Insight is therefore 
needed into these costs because they determine the gross margin and how the optimal 
finishing duration and corresponding optimal delivery weight is determined. By way of 
illustration, the evolutions for revenues, feed costs, manure disposal costs and invariable 
operational costs per batch (batch costs) are depicted for one specific animal profile of the gilts 
in Figure 5-1. In the upper graph, the evolutions are presented at the animal level. On the 
lower plan, the same components are presented at the annual level per pig place, in which the 
hyperbolic decrease in barn turnover (Ri) with increasing finishing duration (equation 19) is 
taken into account.  
The evolution in revenue, both per pig and per pig place per year, shows discontinuities. These 
are provoked by the quality incentive payment scheme which is designed with discounts and 
premiums for desirable carcass weights. Consequently, the figures for gross margin per pig or 
per pig place per year are also marked by a similar discontinuous evolution (Figure 5-2). 
Logically, revenues, feed costs and manure disposal costs per pig are positively sloped with 
prolonged finishing duration, since a heavier pig results in more carcass weight to be sold but 
also requires more feed and produces more manure. Moreover, as pigs grow larger, their feed 
efficiency decreases, increasing the slope of feed consumption. On a yearly basis per pig 
place, however, the slopes for the feed costs and manure disposal costs are attenuated by the 
hyperbolic reduction in barn turnover per pig place per year with increasing finishing duration. 
The revenues per pig place per year show a negative slope with increasing finishing duration. 
Again, the negative slope of the hyperbolic reduction in barn turnover predominates over the 
growth rate of the pig, which leads to a reduction in mass of carcass weight produced annually 
per pig place with increasing finishing duration. Additionally, in the upper graph in Figure 5-1 
there is a constant for the invariable operational costs per batch (mainly the feeder piglet cost) 
at the animal level. However, at the annual level per pig place this constant batch cost per 








Figure 5-1 Evolutions in revenues, feed costs, batch costs and manure disposal costs as a 
function of finishing duration. Figures show the evolutions and the effects of changing input 
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Figure 5-2 Evolutions of gross margin as a function of finishing duration at the animal level 
(upper) and on the annual level per pig place (lower) for an individual animal profile from the 
gilts, evolutions are presented for the base scenario and for scenarios with a 10% increase in 
pig price (Ppig+10%), feed price (Pfeed+10%)  and piglet price (Ppiglet+10%), squares 
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Understanding the effects of changes in input and output prices on the delivery weight 
optimisation 
Increases in input and output prices affect the slopes and magnitude of the evolutions of 
revenues and costs (Figure 5-1). The only situation the slope of the batch costs curve is not 
affected is when the piglet price increases at the level of the pig (upper graph in the figure). A 
higher piglet price only results in an upwards shift of the batch costs curve. The increase of pig 
price steepens the revenue curve per pig and per pig place per year. However, at the level per 
pig place per year the effect on the slope is less pronounced, because it is being attenuated 
by the hyperbolic reduction in barn turnover with increasing finishing duration. Similar 
observations can be made for the effect of an increasing feed price on the evolutions in feed 
costs. At the annual level per pig place the steepening effect of the increased piglet price on 
the batch costs is visible: here the hyperbolic barn turnover curve is multiplied by a larger factor 
due to the increased piglet price. These changing slopes of either the revenues or the costs 
logically also affect the curvature of the gross margin curves per pig and per pig place per year 
(Figure 5-2), resulting in a shift of the optimum.  
Understanding the effects of animal profile on the delivery weight optimisation 
The revenue and costs curves can also differ between animal profiles. In Figure 5-3 this is 
illustrated by a comparison of the curves for revenue and costs for two specific animal profiles 
from the gilts and boars. The revenue curves for the boar profile are shifted to the left compared 
to those of the gilt profile. This shift is due to the higher growth rate of the boars compared to 
the gilts. It is visible in the graph at the animal level: the boar in the illustration reached the 
desirable carcass weight range sooner than the gilt and sustains a higher marginal growth rate 
compared to the gilt. The period of the boar in the maximal carcass weight premium range is 
5 days shorter. Additionally, one can observe the differentiation in pricing scheme between 
boars and gilts. Boars are penalised sooner for undesirable overweight compared to gilts 
(Table 5-2). The steepness of the feed intake curve of the boar profile is higher compared to 
that of the gilt profile. This corresponds to the sustained growth rate of the boars while the gilt’s 
decelerating growth rate is due to a lower appetite. These differences in animal performance 
also give rise to different curvatures at the annual level per pig place. The difference in the 
evolution of batch costs between the two profiles is due to a difference in starting weight of the 
boar and gilt feeder piglets, which affects the feeder piglet price. The shape of the gross margin 
curve per animal and per pig place per year can differ between the animal profiles because of 
the differences in animal performance. Consequently the optima, where the gross margin is 
maximised, occur at different finishing durations (Figure 5-4). The boar’s optimum occurs at 
112 days of finishing, corresponding to the upper limit for the maximal premium based on 
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carcass weight. The gilt’s optimum occurs at 130 days of finishing. Despite a better carcass 
quality bonus for the gilt (+0.125 €/kg carcass vs. +0.070 €/kg carcass), the gross margin per 
animal was larger for the boar due to better feed efficiency. Consequently, the gross margin 
per pig place per year was larger for the boar compared to the gilt. Additionally, the faster 
growth of boars results in a higher barn turnover, which enforces the difference in gross margin 
per animal between the boar and the gilt. A clear difference in shape of the gross margin per 
pig place in the maximal premium carcass weight range between the boars and gilt is visible. 
For the boar the gross margin increases monotonically until the upper limit carcass weight for 
the maximal premium, while for the gilt the gross margin first increases, reaches an optimum 
then starts decreasing before this upper carcass weight limit is reached. For the gilt, the 
negative slope of the hyperbolic reduction in barn turnover overpowers the weaker increase in 







Figure 5-3 Comparison of the evolutions in revenues, feed costs, batch costs and manure 
disposal costs as a function of finishing duration for two specific animal profiles of the gilts and 
the boars in the base scenario, both on the animal level (upper) and on the annual level per 
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Figure 5-4 Evolutions of gross margin as a function of finishing duration at the animal level 
(upper) and on the annual level per pig place (lower) for two individual animal profiles from the 
gilts and the boars, evolutions are presented for the base scenario. (Squares indicate the 
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Statistical analysis of the effects of price scenarios for different animal profiles on the 
optimisation of the delivery weight and finishing duration. 
In the following sensitivity analysis, shifts in optimal finishing duration and delivery weight 
provoked by price changes in combination with an animal profile must be interpreted in terms 
of the effect on the slopes of revenues and costs and how the counterbalancing mechanism 
between decreasing revenue, increasing feed costs and decreasing batch costs on a yearly 
basis per pig place with increasing finishing duration is affected. Similarly, from the graphs of 
gross margin per pig place per year one can observe that the importance of the optimal timing 
of delivery can depend on the location of the optimum relative to the boundaries of the maximal 
carcass weight premium range and on the slope of the gross margin curves.  
Significant interactions between the sex of the animal and the price scenarios were observed 
for optimal delivery weight, finishing duration, barn turnover, gross margin per animal and gross 
margin per pig place at the optimum (Table 5-3). This implies that the effect of the input and 
output price changes on the optimisation depended on the sex of the animal in our analysis. 
For the losses of gross margin per pig place per year due to delivery at either 5 kg underweight 
or 5 kg overweight relative to the optimal delivery weight, the interaction term was insignificant, 
indicating that the effect of the price scenario on these losses was not dependent on the sex 
of the animal. Nevertheless, there were significant effects for both sex and price scenario on 
these losses. 
Table 5-3 Results of the ANOVA for the key figures at optimality and for the loss of gross 
margin when deviating from the optimum 
 
Response variable Sex Scenario Sex x Scenario 
 Optimum Optimal delivery weight <0.001 <0.01 <0.001 
 
Optimal finishing duration <0.001 <0.05 <0.001 
 
Optimal rotations/year <0.001 <0.001 <0.001 
 
Gross margin per animal  <0.001 <0.001 <0.05 
  Gross margin per pig place per year <0.001 <0.001 <0.001 
Loss of gross margin per pig place per year at:  
   
  -5 kg from optimal delivery weight <0.01 <0.01 NS 
 
-2kg from optimal delivery weight <0.05 <0.001 <0.05 
 
+2kg from optimal delivery weight <0.1 <0.001 <0.001 
  +5kg from optimal delivery weight <0.05 <0.001 NS 
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For boars and GnRH-vaccinated boars the optima were not significantly different between 
scenarios, while for barrows and gilts significant differences in location of the optima between 
some scenarios were detected. Still, the effect of the price scenario on the location of the 
optimum in terms of delivery weight and optimal finishing duration was limited (Error! R
eference source not found.). Mostly numerical differences between optimal delivery weights 
in different scenarios were observed. 
For barrows the optimal delivery weight was significantly lower when prices of pigs and feed 
rose (scenario Pig,Feed) compared to the scenario were the price of the piglet was increased 
by 10%. The optimal delivery weight for gilts was most sensitive to the changes in price 
scenario, as they showed the largest range in delivery weights between scenarios. A significant 
effect of the 10% increase of the feeder piglet price on the optima for gilts was observed.   
The sensitivity analysis indicated a fairly stable optimal delivery weight in the different price 
scenarios for the boars and GnRH-boars. Moreover their optimal delivery weight was higher 
compared to that of barrows and gilts and located close to the upper limit for the highest price 
premium for desirable carcass weight (+0.06 €/kg). The boars and GnRH-boars were 
characterised by a steep curve of gross margin per animal as a function of increasing finishing 
duration. These animals, especially the GnRH-boars, can have sustained daily growth rates 
(Van den Broeke et al., 2016) at the end of finishing with an acceptable feed efficiency. The 
sustained growth rate provokes a steep increase in revenue with increasing finishing duration 
whilst the favourable feed efficiency limits the increase in feed costs per animal. This results 
in the steep evolution of gross margin up to the upper limit in the payment grid where margins 
per animal are being artificially reduced by carcass weight penalties. This steep evolution in 
gross margin per animal also explains the stability of the optimal delivery weight for boars and 
GnRH-boars, as the benefits of increasing barn turnover rate by shortening finishing duration 
are quickly counterbalanced by the reduction in gross margin per animal as finishing duration 
shortens. The opposite reasoning holds for the gilts in this analysis: their evolution in gross 
margin as finishing duration lengthens was presumably quite flat in the maximal carcass weight 
premium range due to their decelerating growth rate. As a consequence, for gilts there was a 
broad range within which the finishing duration could be altered and the barn turnover rate 
could be changed without severe losses in gross margin per animal. Indeed, it was observed 
that the gilts had the most sensitive delivery weight that reacted the most to changing feeder 






Although price scenarios did not always influence the optimal delivery weight, the gross 
margins per animal and per pig place per year were significantly affected by the price scenarios 
for all sexes. The increase in output price had greater impact on the gross margins compared 
to the increases in input prices in the results for the scenarios Feed, Pig, Piglet. As a result, 
the base+10% scenario also resulted in an increased gross margin for all sexes. Some sex 
dependent differences in the effect of price changes on the gross margin were observed. 
The figures with the losses of gross margin per pig place per year due to deviations from the 
optimal delivery weight showed different patterns for the different sexes. The boars and GnRH-
boars showed  higher losses due to overweight pigs in all price scenarios (Figure 5-5). 
Moreover they showed the highest losses in gross margin per pig place per year compared to 
the barrows and gilts. For barrows and gilts it depended on the scenario whether higher losses 
were found for under- or overweight pigs. The losses in gross margin appear to be more 
symmetrically distributed around the optimum for the barrows and gilts in this trial compared 
to boars and GnRH-boars. For barrows and gilts a pattern in these losses due to suboptimal 
delivery weights is observable. The scenarios in which the delivery weights shifted to lower 
weights (Feed; Pig; Pig,Feed) led to more losses due to underweight pigs. In a similar way, 
the losses in gross margin were larger for overweight pigs in those scenarios with higher 
delivery weights.  
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Table 5-4 Key figures describing the optimum per pig place per year presented per sex for the base 
price scenario and 10% increases in prices for feed, piglets and pigs or combinations of these. 









Optimal weight (kg) 118.1ab 117.5ab 119.7b 117.6ab 119.0ab 118.7ab 117.1a 118.2ab 
Optimal duration (d) 108ab 108 ab 110b 108ab 109ab 109ab 107a 108ab 
Optimal turnover 
(n/year) 3.20bc 3.22bc 3.14a 3.22bc 3.17ab 3.18ab 3.24c 3.20bc 
Gross margin per pig (€) 4.4d -1.5b 0.4c 15.1h -5.6a 11.2g 9.2f 5.2e 
Gross margin per pig 
place per year (€) 14.5d -4.4b 1.4c 48.9h -17.5a 35.7g 30.0f 16.8e 
Boars         
Optimal weight (kg) 123.1 122.8 123.6 122.8 123.4 123.3 122.5 123.1 
Optimal duration (d) 118 117 118 117 118 118 117 118 
Optimal turnover 
(n/year) 2.97 2.98 2.95 2.98 2.96 2.96 2.99 2.97 
Gross margin per pig (€) 13.8d 7.9b 9.7c 24.8h 3.9a 20.8g 18.9f 14.9e 
Gross margin per pig 
place per year (€) 41.4d 24.2b 29.2c 74.2h 12.0a 62.1g 57.1f 44.9e 
Gilts         
Optimal weight (kg) 116.2a 115.6a 120.2b 115.1a 119.5b 119.4b 114.6a 118.9b 
Optimal duration (d) 126a 126a 131b 124a 130b 130b 124a 129b 
Optimal turnover 
(n/year) 2.76bc 2.78cd 2.67a 2.81cd 2.69a 2.69a 2.82d 2.71ab 
Gross margin per pig (€) 9.4d 3.5b 5.7c 20.1h -0.6a 16.7g 14.2f 10.4e 
Gross margin per pig 
place per year (€) 26.6d 10.2b 15.5c 56.3h -1.0a 45.1g 39.9f 28.5e 
GnRH-vaccinated Boar         
Optimal weight (kg) 123.8 122.4 124.6 123.6 124.1 124.4 122.3 123.8 
Optimal duration (d) 120 119 121 120 121 121 119 120 
Optimal turnover 
(n/year) 2.88ab 2.92ab 2.86a 2.89ab 2.88ab 2.87ab 2.92b 2.88ab 
Gross margin per pig (€) 5.9d -0.1b 1.8c 17.1h -4.2a 13.0g 10.9f 6.9e 
Gross margin per pig 
place per year (€) 16.6d -0.8b 4.8c 48.7h -12.6a 36.9g 31.4f 19.5e 





Figure 5-5 Losses in gross margin per pig place per year due to suboptimal delivery (means 
+/– standard error) presented per sex for both negative and positive deviations of 5 and 2 kg 
from the optimum 
In all sexes, delivery weight shifted upwards numerically when increasing the input price of the 
feeder piglets. An increase in both feed price and pig price led to lower delivery weights and 
shorter finishing durations compared to the base scenario. The reaction of the simulation model 
to the changing input- and output prices in the scenario analysis, i.e. the direction of change in 
optimal delivery weight, align with the results of historic modelling studies on optimal delivery 
weight that include the opportunity cost of replacement in the optimisation. Boland et al., (1999, 
1993), Chavas et al., (1985) and Niemi, (2006) reported similar shifts in the optima in their 
sensitivity analyses; increasing output prices and increasing feed input prices lead to lower 
delivery weights while an increase in feeder piglet price provokes an increase in delivery 
weight. The phenomenon of decreasing delivery weight with increasing output price depends 
on the assumptions made in the model, i.e. whether the trade-off between increasing finishing 
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duration per batch and decreasing barn turnover is considered. For example, Jolly et al., (1980) 
reported increasing delivery weights with increasing pig price for both a farrow-to finish farm 
and a finisher farm. In their analysis, the effect of increasing delivery weights on fixed costs, 
i.e. building requirements were modelled as well. However, they explicitly mentioned the 
finisher farm’s restricted barn turnover rate of two batches per year, which did not compete 
with each other for time in the finishing barn and thus the opportunity cost of replacement was 
zero. The authors mentioned that the sow herd on the farrow-to-finish farm farrowed 
continuously but the size of the herd was kept stable in the analysis. The assumption of a 
stable sow herd does not correspond to the trade-off between finishing duration and barn 
turnover, because it fixes the barn turnover. Our simulation model confirms the findings of Jolly 
et al. (1980) when the turnover rate of the barn is fixed or the optimisation is considered at 
batch level instead of per pig place per year (data not shown). In these cases an increase in 
output price results in a heavier pig being produced.  
The historic studies on delivery weight optimisation did also report rather insensitive or inelastic 
delivery weights with changing economic parameters (Jolly et al. 1980; Chavas et al.1985; 
Boland et al. 1999, Niemi, 2006). For gilts (most sensitive delivery weight) the sensitivity to 
feeder piglet price was the highest. Chavas et al.(1985) also reported a high sensitivity of the 
optimal weight to the feeder piglet price for gilts and barrows. In contrast, Niemi (2006) reported 
no change in optimal delivery weight and only a limited increase (1 day) in finishing duration 
with increasing piglet price. Some explanations for this discrepancy can be proposed. The 
initial feeder piglet price in the study of Niemi (2006) was relatively high (€61.07/piglet) 
compared to the current analysis (€41.00/piglet). The relatively high initial feeder piglet price 
might have already provoked high delivery weights in the benchmark scenario leaving little 
leeway to increase the delivery weight even more. In this study the optimal delivery weight was 
closely located at the upper limit of carcass weight range without penalty (85kg carcass). 
Moreover, the model of Niemi (2006) integrally optimises slaughter and feeding decision for a 
finishing unit by mechanistically modelling the animal’s response to changing feeding regimes. 
As such, growth rate and carcass quality is more flexible and can be adapted through altering 
the feeding regime. For example, a similar delivery weight can be obtained with a different 
finishing duration by altering feed content and a different growth rate. In the current simulation 
approach, delivery weight and finishing duration are strongly linked because the simulation 
does not integrate a market dependent nutritional optimisation with the slaughter decision. 
However, it does not mean that the importance of an economical feeding regime is being 
denied. Such a nutritional optimization would allow to alter the feed content (concentration of 
energy and amino acids) and adapt the growth rate of the pigs, for example if faster growth 




While the current simulation model’s approach is indeed less sophisticated and includes fewer 
decision variables (i.e. feed content and feeding regime), it is closer to the decision set of 
farmers who operate in a pre-precision livestock farming context. They do not have real time 
data on growth rate, feed efficiency and carcass quality of individual pigs and as such are not 
able to fully control these variables. Simplification inevitably leads to some differences in the 
results compared to more sophisticated and detailed models, mainly due to the extent of 
decision or control variables that are assumed. Regarding the current model, explicitly 
modelling the variability between animals in growth is probably the biggest point of 
improvement to provide additional insight into optimal marketing of animals. In the next 
chapter, our aim is to find a workable balance between required model input and on-farm data 
availability to extend the current model with this important aspect for PDWO. Despite these 
subtle discrepancies in results, we do believe this approach of stakeholder-driven modelling 
provides comprehensible and communicable insights to pig farmers. Moreover simple and 
complex models can coexist. Ideally, the simpler models could act as a first step to create 
leeway with farmers for applying more complex models. This is especially relevant to a likely 
future scenario where the practical decision context will better fit the requirements of complex 
models. 
An important assumption in the current model is the uniform probability of dying throughout the 
finishing stage. This assumption was made similar to the study by Giesen et al. (1988) 
Research on mortality patterns in growing-finishing pigs is scarce (Maes et al., 2001; 2004). 
The study by Maes et al. (2001) is a rare study that describes in detail mortality patterns in US 
multi-site production systems. This study shows increases in mortality rates at higher finishing 
durations and a higher investment cost in a heavier and older pig than in a young one. Based 
on these insights we were convinced of the need to account for mortality. However, in our trials 
we could not gather enough suitable data to establish reliable farm-specific mortality patterns 
that linked the increasing weight of the animal to its probability of dying. Maes et al. (2001) 
established mortality patterns based on a total of 1,345,127 pigs in their analysis. Moreover, 
Maes et al. (2004) found that type of farm and piglet origin can affect patterns of mortality, 
making it farm-specific. We also found some indications of this dependency on piglet stocking 
strategy in data of three experimental farms (Leen et al., 2016). Therefore, the question is 
which mortality pattern to assume in general? Assuming increasing mortality rates at the end 
would probably lead to lower optimal delivery weights. A potential solution to this problem 
would be to assess the impact of different mortality patterns on PDWO, and consequently 
investigate how reliable mortality patterns can be estimated on the farm. However, this might 
be troublesome considering the findings of Maes et al. (2004) that the risk for mortality cannot 
be very well predicted based on historic mortality figures of the barn. 
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When focussing solely on the location of the optima derived from optimisation models, crucial 
and possibly the most important information remains hidden: the effects of deviations from the 
optima on the profitability of the enterprise. These effects have equal importance to the location 
of the optima itself, as they provides insight into the margin of error that a farm manager can 
accept while making decisions (Pannell, 2006). The current results suggest that the importance 
of optimal delivery in general depends on the animal’s profile and its corresponding optimal 
delivery weight. Boars and GnRH-boars showed the highest economic losses due to 
suboptimal delivery for overweight pigs. This is logical as their optimal weight was located 
close to the upper limit for the maximal carcass weight premium and thus a positive deviation 
from the optimum will result in discounts sooner compared to gilts and barrows whose optimal 
delivery weights were centred in the maximal carcass weight premium range. In the analysis 
the carcass weights with the highest weight premium ranged from 85 to 95 kg. The 5 kg 
deviations thus easily lead to weight discounts if the optimal delivery weight is not centred in 
the optimal weight range. The pricing mechanism based on carcass weights is indeed a 
powerful and easy communicable tool to control the incoming raw material in slaughterhouses 
and its influence has been reported several times (Boland et al. 1999, Kure, 1997, Niemi, 2006; 
Boys et al. 2007; Niemi et al. 2010). In the absence of payment schemes which artificially 
create plateaus in the gross margin curve, a wide and flat payoff curve1 is to be expected, as 
also reported by Boland et al. (1999). Panell (2006) argued that the biological response models 
behind optimal input decision models have smooth instead of sharp curves, which provokes a 
near zero marginal profitability near the optimum and consequently a flat profit curve. In the 
current study, besides the payment grid, the animal profiles had an effect on the shape of the 
growth and feed intake curve in the simulation model. For some animals, especially gilts, that 
have decelerating growth rates at the end of finishing, this gave rise to very flat gross margin 
curves. In contrast, GnRH-vaccinated boars are known to produce a growth spurt after the 
booster vaccination (Millet et al., 2011) which does correspond to a more sharply curved 
revenue function. However, the currently modelled carcass weight payment grid might have 
restricted these animals to a lower slaughter weight in a zone with also relatively high marginal 
profitability. Relaxing this strict payment grid for these animals would be an interesting next 
step to see whether the optima would relocate to an area corresponding to decelerating growth 
and a flat payoff.  
Furthermore, the differences between the payoff curves of different animal profiles also 
illustrate the benefit of choosing an improved production technology, by making for example 
improved decisions on pig genotypes and feeding strategies, compared to seeking the 
optimum on the production function of a specific technology which was argued by Panell 
                                                          




(2006). Because, payoff curves are flat, the choices that lead to a better production technology 
with a corresponding higher plateau in gross margin are relatively more important compared 
to optimizing on a plateau. Furthermore, because of the limited benefits of accurate 
optimization on a given plateau, decision support systems that focus on such optimization 
should be cheap to justify profitable application in practice. Simultaneously with the finalization 
of this dissertation, an on-line learning tool for PDWO (www.slachtdoordacht.be) is being 
developed. This tool will be based on the described simulation model to make the insights from 
the model accessible to the general pig industry of Flanders. An overview of the prototype is 
included in Appendix 2.  
5.5 Conclusion 
The proposed stakeholder-driven model and its results’ representation make it possible to 
produce insights that correspond to the results from existing studies and allows to generate 
new and comprehensible insights into the pig delivery weight optimisation problem. Step by 
step visual illustration of the drivers behind the optimisation leads to understanding of the 
optimisation and the effects of animal profile and price scenarios on the optimisation. 
Moreover, the importance of optimising delivery weights is explicitly presented, contrary to 
historic studies. The simulation results and sensitivity analysis aligns with the results of 
previous studies based on more sophisticated and complex model approaches. The analysis 
indicates that depending on the animal performance profile the optimal delivery weight can be 
rather stable under various market conditions. The location of the optimum, however, will affect 
the penalty for suboptimal delivery under a carcass weight based payment scheme. The 
current findings suggest that farmers should try to identify the shape of the payoff curve for 
their specific farm. Because the animal performance profile can affect the stability and the 
evolution in opportunity cost of suboptimal delivery, insight into the farms-specific pay off curve 
will learn whether a robust decision rule on the ideal target delivery weight is appropriate or 
whether more continuous attention in optimising pig delivery is necessary. Purposeful 
simplification based on the situation in practise can provide insights for a farm manager 
considering the current operating context. The challenge is now to transform the simulation 
model into an effective web tool to make the insights and learning potential accessible to the 
broader Flanders pig industry. 
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Chapter 6: Optimizing the marketing 
policy of finishing pigs, under 
constraints of (sub)optimal tactical 
decisions about finishing duration on 
farrow-to-finish farms
Contribution to the dissertation:  
Chapter 6 illustrates the effect of management decisions taken at different levels on optimal 
pig marketing on farrow-to-finish farms. Optimal marketing, concerns marketing pig herds 
characterized by growth rate variability at different moments in time (marketing stages) to 
prevent price discounts from under- and overweight pigs. Farrow-to-finish farms usually face 
rigid feeder piglet supply which affects the maximal finishing duration per batch. It is shown 
how this time constraint affects the operational flexibility in designing optimal delivery policies 
and how the optimal delivery policies can vary depending on (sub)optimal decisions made at 
higher management levels. The chapter provides further insight into the economic benefits of 
practicing multi-staged marketing and the relative importance of accepting some 
suboptimality at a higher management level to dispose of some operational flexibility for 
optimal marketing. 
The obtained insights on the optimal delivery strategies and its corresponding benefits are 
additional important elements to assess PDWO in current farm management under research 
question 1 in the general discussion. 
The focus on the consequences of suboptimal decisions follows from the stakeholders’ 
request to not merely focus on the optimum. This concern was articulated during the 
participatory decision problem analysis in chapter 3. Therefore the central research question 
in this chapter resulted from stakeholder involvement, which makes it an important element 
in the assessment of the value of combining stakeholder and scientific knowledge in the 
research process.  
Similar to chapter 5, the insights into the benefits of PDWO and multi-staged marketing in this 
chapter provide anchor points for discussing evolutions that can alter the current approach 




Chapter 6 Optimizing the marketing policy of finishing pigs, 
under constraints of (sub)optimal tactical decisions about 
finishing duration on farrow-to-finish farms 
6.1 Paper abstract 
The decisions on optimal delivery weight and marketing of growing finishing pigs on farrow-to-
finish farms are situated at different management levels with different time frames.  The 
optimization at the tactical level (a time frame of about a year) constrains the operational 
decision making space in which individual batches of pigs have to be marketed by determining 
the maximal finishing duration per batch. The operational optimal delivery policy can be 
different depending on the (sub)optimal determined maximal finishing duration per batch. To 
effectively support farm managers the broader insight into the optimization process should be 
presented instead of merely focussing on the optimum itself.  To provide a clear understanding 
into this complex linkage between optimization at different management level a simulation 
model was developed. This model deals with biological variability in the pigs’ growth rates to 
first determine optimal delivery policies for batches of pigs at the operational level and 
consequently determines the optimal maximal finishing duration and corresponding optimal 
delivery policy at the tactical level. Constraining these optimization models allows to analyse 
the effect of suboptimal decisions regarding the delivery weight and delivery policy. The results 
confirm the dominance at the tactical level of the opportunity cost of reducing barn turnover 
rate when extending the finishing duration per batch to minimize the share of underweight pigs 
from a batch. The limited impact, from a tactical viewpoint, on the gross margin per pig place 
per year from a slightly suboptimal overlong maximal finishing duration, would suggest some 
margin for generating operational flexibility to optimize the marketing of batches of pigs by 
introducing multiple delivery stages. However, the benefits of having more than two delivery 
stages per batch quickly wore away in the current analysis, despite the assumption of the 
ability to perfectly select the ready for slaughter pigs from a batch. These findings suggest that 
the tactical level is the priority management level for the optimization of the pig delivery weight 
on farrow-to-finish farms.  






Farm management concerns decision-making in an hierarchy of different planning horizons, 
i.e. strategic, tactical and operational planning (Huirne, 1990). Decisions made at superior 
management levels shape the decision-making space at inferior levels, for example decisions 
at the strategic level concerning farm structure and infrastructure influence the tactical (yearly 
or seasonal) and operational (monthly or weekly) execution of the production process.  
On farrow-to-finish farms the optimization of the delivery weight and marketing strategy of 
growing-finishing pigs is a concrete and tangible example of the repercussions from decisions 
at superior management levels on the operational optimal execution of the production process. 
The evolution towards scheduling the main production events of the farrowing unit 
(inseminating, farrowing and weaning) in different weeks (multi-week batching) to prevent 
mismatches in labor requirements and supply combined with the adoption of all-in/all-out  
(AIAO) (i.e. a new batch of feeder piglets can only be inserted in a barn when the last pig of 
the previous batch has been marketed and the facilities have been cleaned), has led to a rigidly 
scheduled and operationally inflexible internal feeder piglet supply from the farrowing to the 
finishing unit of the pig farm (Kure, 1997). This piglet supply schedule is affected by the facility 
design at the strategic level and the organization of the multi-week batching schedule at the 
tactical level and sets a boundary to the maximal finishing duration the farm manager can 
exploit to operationally optimize the marketing of the current batch of pigs. 
This way the optimization of pig delivery weights becomes an interrelated optimization of I) 
consecutive batch production, maximizing the gross margin of a barn per unit of time at the 
tactical level and II) the operational optimization of pig marketing, maximizing the gross margin 
per batch, given the boundaries set by the optimization at the tactical level. In a participatory 
analysis of the pig delivery weight optimization problem, the importance of this interrelationship 
between the optimization at different management levels was shown to be a crucial element 
to be clearly elucidated for stakeholders (Leen et al., 2017a). Often stakeholders are 
exclusively focused on a particular management level. In the participatory analysis by Leen et 
al. (2017a), some stakeholders were mainly operationally oriented, while the researchers 
started from the tactical dimension of delivery weight optimization. Ideally, the total picture with 
the interrelationship between the different management levels is examined. 
In examining this total picture, the heterogeneity in growth potential within the growing-finishing 
pig herd requires the operational optimization of pig marketing, since slaughterhouses adopt 
quality incentive payment schemes, mostly based on (un)desirable carcass weights, 
(un)desirable lean meat percentages and (un)desirable carcass conformations (Boys et al., 
2007). Moreover, (Huang and Miller, 2004) and Boys et al. (2007) showed it is critical to 
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consider the within herd-variability in the optimization of pig marketing, because analyses 
based on the average animal tend to overestimate optimal delivery weights, finishing duration 
and profitability. The farm manager can deal with this variability by deciding operationally to 
market subgroups of a batch of pigs at different stages to prevent pigs of being delivered over- 
or underweight which leads to discounts in the received unit output price. Here, the design of 
the slaughterhouse’s payment scheme affects the potential benefits from this segregated 
marketing (Kure, 1997; Boys et al. 2007; Niemi et al., 2010). Moreover, this multiple-marketing 
is the only effective way to deal with the variability in growth rates within a herd, since pigs 
have been shown to grow to a common-end point in body weight variability, in terms of a 
coefficient of variation (CV) of about 8-12 % (Tokach, 2004 ;Magowan et al.,2016) , despite 
whether they were initially penned together with uniform body weights or not (O’Quinn et al., 
2001; Wolter et al., 2002). 
Previous studies on optimal pig delivery weight and optimal marketing do often mention the 
interrelationship of optimization at different management levels, however in the presentation 
of results they tend to solely focus on the optimum at one level of optimization. For example,  
Kure (1997) clearly explains the context of rigid piglet supply and mentions the logistical 
problems of operationally altering the piglet supply to improve the marketing of the finisher 
pigs. The results of the study are operationally oriented towards the optimal marketing of the 
pigs. Boys et al. (2007) also show the benefits of segregated marketing, but mention the 
optimal number of marketing stages to be limited to three because of the opportunity costs of 
replacement, which limits the maximal finishing duration per batch. Huang and Miller (2004) 
also investigated the effects of degree in heterogeneity in pig marketing, provided an optimal 
maximal finishing duration. The focus is thus often on the optimum. However, stakeholders 
can be equally interested in the effects of deviating from the optimum (Leen et al. 2017a). Thus 
for farm managers it might be important to explore their operational decision alternatives if, at 
the tactical level, they have chosen a near-optimal or suboptimal maximal finishing duration  
and how their situation relates to the optimal one, since they cannot instantly adapt their 
maximal finishing duration per batch.  
In this study we aim to provide more insights into these repercussions of (sub)optimal decisions 
at the tactical level on the decision space for operationally optimal marketing of growing 
finishing pigs. The analysis is based on a two-staged spreadsheet optimization model that first 
explores operational marketing strategies for a heterogeneous pig herd and at the second 





6.3 Materials and methods 
Data  
Serial pen weight and cumulative feed intake data from a growth performance trial of pigs 
finished up to a target pen weight of 130 kg on a commercial farrow-to-finish farm were used 
for this study. The animals were a Piétrain sire x Topigs20® hybrid sow cross and were fed ad 
libitum on a multiphase feeding regime (Table 6-1). Animals were housed per sex in groups of 
11. Cumulative feed distribution per two pens was recorded by an automated feeding system 
at each weighing of the pigs. Average pen weight, feed intake and feed conversion ratio were 
recorded biweekly between the age of 9 weeks and the week they reached 90 kg live weight; 
from then until slaughter, records were made weekly. 











Grower diet Pre-finisher diet Finisher diet 
    Ne  SID 
LYS  
Ne  SID 
LYS  
Ne  SID  
Gilts 110 9 130  9.7 9.2 9.5 8.1 9.5 7.7 
Boars 110 9 130 9.7 9.2 9.5 8.1 9.7 8.2 
Ne: Net Energy (MJ/kg), SID LYS: Standardized ileal digestible lysine (g/kg) 
Modelling animal performance and heterogeneity in growth rate 
The serial pen weight data were fitted to the growth model proposed by Bridges et al. (1986) 
separately for gilts and boars.  
   with t the age of the pig   (1) 
For each week in the growing-finishing phase normal distributions in body weights around 
these average body weight curves were constructed. The usage of normal distributions for the 
pig weights is motivated by its biological nature and previous studies that modelled growth and 
live weights as normally distributed variables (Giesen et al.,1988; Andersen and Pedersen, 
1996; Schinckel et al., 2009). The boxplots in Figure 6-2 also support this assumption. To 
construct these normal distributions, the standard deviation for each week in finishing was 
calculated from an assumed linear relationship in the coefficient of variation (CV). The CV is 
the ratio of the sample standard deviation and the average body weight. 
 .            (2) 
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Since, the weight registrations in the commercial trial were performed at pen level the evolution 
in CV could not be monitored since it requires individual weight registrations. Therefore we 
used weekly individual body weight registrations of group housed individual pigs between 10 
and 30 weeks of age at the ILVO experimental facilities to obtain practically relevant evolutions 
in CV with increasing finishing duration. These data are shown in Figure 6-1. 
The assumed linear decrease in CV with increasing weeks of finishing duration (j) after 
insertion in the growing-finishing unit at the age of 10 weeks were as follows: 
 (3) 
 (4) 
From the weekly average expected body weights and standard deviation for gilts and boars 
body weight values for the 5th to 95th percentiles with steps of 10 percent were determined with 
the Z-scores of the standard normal distribution . This is illustrated for the distribution in 
body weights at the start of finishing in Table 6-2. 
Table 6-2 Estimated body weight for the designated percentile at nine weeks of age  
Percentile 5% 15% 25% 35% 45% 55% 65% 75% 85% 95% 
Z-score -1.645 -1.036 -0.674 -0.385 -0.126 0.126 0.385 0.674 1.036 1.645 
Body weight 17.4 18.9 19.9 20.6 21.3 21.9 22.6 23.3 24.2 25.8 
Body weight for the ith percentile calculated as Wi,j=μsex,i +σsex,i × Zj 
Total feed intake (CFI) of the pigs was estimated from the linear relationship between 
Cumulative feed conversion ratio (CFCR) (total feed intake/total bodyweight gain) and the pig’s 
body weight observed in the commercial growth trial. 
       (5) 
Cumulative feed intake at week (j) in the growing-finishing period for the ith percentile of pigs 
is then estimated from (5) as: 






Figure 6-1 Boxplots of pig bodyweights for weeks 0 to 13 in the finishing period for gilts and boars, these data are used to estimate evolutions 
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Carcass quality and quality incentive pricing schemes  
For the calculation of revenues in this study, two carcass quality incentive payment schemes 
of the market leader in Flanders were used. In this schemes, carcasses receive premiums and 
discounts based on carcass weight and a quality index (Mbi) based on lean meat percentage 
and carcass conformation, to represent the carcass’ market value, with lower quality index 
values indicating better carcass quality. This index is produced from AUTOFOM III 
measurements (Carometec Food Technology, Herlev, Denmark).  
In the trial slaughter data  no significant relation between carcass weight and the index values 
was observed (Appendix I). A sex-specific model to correct for the effect of growth rate on the 
carcass quality index was used in the simulations:  
       (7) 
       (8) 
With  the average daily gain over the 11-week period since the start of finishing 
for percentile i.  was used as a standardized measure of average daily gain.  
The Mbi indices are used in both pricing schemes but recently changes were made to the 
pricing scheme. Currently, a base price per kg of carcass weight is corrected with a premium 
or discount based on carcass weight and  a premium or discount based on the Mbi index of 




















< 50 -0.52  0-1.9 1 +0.155 
50-60 -0.37  1.9-2.2 2 +0.145 
60-65 -0.22  2.2-2.5 3 +0.135 
65-80 0  2.5-2.8 4 +0.125 
80-85 0.02  2.8-3.1 5 +0.115 
85-95 0.06  3.1-3.4 6 +0.105 
95-105 
95-1001 
0.02  3.4-3.75 7 +0.09 
105-115 
100-1051 
0  3.75-4.1 8 +0.07 
115-125 
105-1151 
-0.05  4.1-4.4 9 +0.04 
115-1251 -0.075  4.4-4.7 10 0 
>125 -0.37  4.7-4.99 11 -0.04 
   5.0-5.4 12 -0.09 
   5.4-5.7 13 -0.14 
   5.7-6 14 -0.19 
   >6.0 15 -0.24 
1heavy carcasses from boars are treated differently than carcasses from other sexes 
Before the adoption of the scheme in Table 6-3, a carcass would be allotted a corrected unit 
price based on its carcass quality index Mbi ,which was corrected for the weight of the carcass 
(Mbic). The correction of the Mbi to Mbic value was based on linear interpolation within several 
range of carcass weight, applying a different slope to correct the Mbi value and the intercepts 
are determined for a reference price level of 1.27 €/ kg of carcass (Table 6-4). Alterations in 
the base price lead to adapting the intercepts in column four of Table 6-4 with difference 
between the base price and the reference price level. For example, a base price of 1.30 €/kg 
would result in adding 0.03 to the intercepts. 
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Table 6-4 Carcass merit pricing scheme 2 used in the analysis based on a carcass quality 
index corrected for carcass weight 
Carcass weight range 
(kg) 
Δ Mbi-Mbic Mbic 
range 
Pcarcass~Mbic 
< 70 -0.1×Carcass weight +7.25 < 2.5 -0.03 × Mbic+ 1.46 
70-80 -0.025× Carcass Weight + 
2 
2.5-3.4 -0.48 Mbic +1.51 
80-100 0 3.4-4.5 -0.12 Mbic +1.75 
100-110 0.05× Carcass Weight - 5 >4.5 -0.05 Mbic + 1.46 
>110 0.025× Carcass Weight -2   
 
First stage optimization model: operational optimization of pig marketing 
A 20 x 10 matrix with gross margins per pig GMpig for each of the i percentiles in the normal 
distributions for a ten week period (week 14 - 23) in which pigs could possibly be marketed 
was constructed.   
Gross margins per pig for each percentile i in week j were calculated as follows: 
      (9) 
With carcass weight being calculated from the body weight W(i,j) and a dressing percentage 
of 75% for boars and 77% for gilts (own observations). Volumetric manure production per pig 
was estimated from cumulative dry matter feed intake, a dry matter digestibility of 85% and dry 
matter concentration for pig slurry of 10% and density of pig slurry of 1045 kg/m³. In the 
simulations Pmanure was set at 17 €/m³. Pfeeder piglet covers the production cost of a feeder piglet 
of 9 weeks of age. Pbatch includes costs that do not vary with finishing duration but have to be 
made to execute a production cycle such as cleaning costs. These costs were held constant 
at 3.5 €/pig.  
The 20 x 10 binary matrix T contains the possible choice variables, 1 (delivering percentile i in 
week j ) or 0.  This linear program GMi,j x Ti,j was maximized with the simplex algorithm under 
the restriction that , so that each percentile i of pigs can only be delivered once. The 
objective function value represents the sum of the GMpig of the 20 percentiles delivered at their 
optimal timing. By dividing the objective function value by 20 we obtain the average gross 
margin per delivered pig for a delivery strategy. 
By restricting the GMpig and T matrices to a specific amount of columns j, the optimal delivery 




limiting GMpig and T to j= 19 implies that the last remaining percentiles need to be delivered in 
week 19. In this situation the model is unrestricted in choosing the total amount of deliveries in 
which the barn has to be emptied. By imposing additional restrictions, the model was designed 
to evaluate the objective function value for delivery of a barn in 1 to 5 separate deliveries 
depending on the imposed first possible and final possible delivery moment.  For example, 
when the first percentiles are being delivered in week 16, the model can start evaluating 
delivery in two stages from week 17 as Tmax onwards. Three- staged delivery can be evaluated 
from week 18 as Tmax onwards etc. When Tmax increases multiple ways of multi-staged delivery 
policies will be possible. For example, when Tmax  is week 18 there are two alternatives for a 
two-staged delivery strategy: 1) first delivery in week 16, or 2) first delivery in week 17.  Even 
more combinations are possible for multi-staged delivery strategies at posterior maximal 
finishing durations. All these possible delivery strategies were evaluated by total enumeration 
and sorted consecutively on objective function value and amount of marketing stages.  
Second stage optimization model: tactical optimization of pig delivery per pig place per year 
determining the optimal maximal finishing duration. 
To optimize the maximal finishing duration per batch, the possible amount of production cycles 
per pig place per year (R) were calculated for the operationally determined delivery strategies 
as follows: 
with Tmax the week of the final delivery stage and the idle time per batch being the time needed 
between two consecutive production cycles for preparing the facilities. In the current analysis 
it was assumed that the marketing stages took place at the first day in week j. An idle time of 
7 days between production cycles was assumed.  
Consequently, the average gross margin per delivered pig corresponding to a specific delivery 
strategy was multiplied with R to obtain the gross margin per pig place per year. Finally, the 
optimal delivery strategy resulting in the maximal gross margin per pig place per year was 
determined. 
The simulations included in the results are limited to the two different pricing schemes and 
three levels of the pig base price to keep the reasoning in this paper concise and clear. One 
level for feed price (235€/1000kg) and feeder piglet (33€/piglet) were assumed in the 
simulations. However, a sensitivity analysis of the optimal delivery policies to different animal 
performance and differing market conditions would certainly provide an interesting angle for 
further investigation.  
  
 OPTIMAL MARKETING ON FARROW-TO-FINISH FARMS 
131 
 
6.4 Results and discussion 
In the result section first a brief overview of the optimal delivery policies at the batch level will 
be given. In essence, these optimal delivery policies do not consider the trade-off between 
annual barn turnover and maximal finishing duration per batch. The optimal delivery policies 
that do take this trade-off into consideration are presented in the second section. In both 
sections the comparison between the two pricing schemes is made. The third section will then 
focus on the benefits of multi-staged marketing policies and give more detail about the design 
of these policies in terms of percentages of animals marketed at each stage and at which 
weight.  
Comparison of optimal delivery strategies at the batch level 
At the operational level, the average gross margin per pig increased monotonically with 
increasing maximal finishing duration between weeks 16 and 21 for both the payments 
schemes under consideration (Figures 6-2a and 6-2b). When the model was unrestricted in 
optimizing the delivery policy with 21 weeks as Tmax, a first small subgroup of fast growing pigs 
was ready for slaughter in week 16. But the  majority of pigs was too premature, since the 
average gross margin per pig was lower in week 16 compared to week 17. Under scheme 1, 
from week 17 onwards multi-staged marketing became beneficial compared to marketing all 
pigs at once. From this moment onwards separate delivery stages were added to prevent 
carcass weight price discounts for the heaviest pigs. A detailed description of the operational 
delivery strategies is provided in a next section. 
The pricing schemes affected the optimal delivery strategy, reflected in the number of stages 
in the optimal delivery policies for the different maximal finishing durations. Under scheme 2, 
up to a maximal finishing duration of 18 weeks, pigs were delivered in one single delivery and 
multi-staged marketing became beneficial from a duration of 19 weeks onwards. This can be 
explained by the difference in design of the two pricing schemes. Scheme 1 was more strict, 
with a clear incentive (+0.06 €/kg) to deliver pigs with carcass weights within a range between 
85 and 95 kg. In scheme 2 there were no carcass weight discounts inside the range of 80-100 
kg of carcass weight. In this situation it took longer before heavy carcass weight discounts 
needed to be prevented by multi-staged marketing. Such influence of the design of the pricing 
scheme is in line with observations in other studies (Chavas et al., 1985; Boys et al., 2007; 
Niemi et al., 2010). In general, the more strict the payment scheme is in allotting premiums 
and discounts the higher the potential benefits can be from adopting multi-staged deliveries.  
The pig price level had some effect on the optimal delivery policies. The slopes of the average 
gross margin curves in Figures 6-2A and 6-2B are steeper with increasing pig prices. 




from the others with medium and lower pig prices. The  optimal number of delivery stages was 
reduced by 1 stage for both pricing schemes when the pig price was high. This high pig price 
made it profitable to keep the 20 percent fastest growing boars longer compared to the other 
price levels. This high price level allowed even to accept a lower carcass weight premium 
(+0.02 €/kg) for these animals, because the increased marginal revenues due to a higher 
saleable carcass weight could compensate a higher marginal feed cost.  
Comparison of optimal delivery strategies at the tactical level 
The evolutions in gross margin per pig place per year are presented for the two pricing 
schemes and different price level for pigs (Figures 6-2c and 6-2d). In contrast to the 
monotonically increasing average gross margin curves per pig (Figures 6-2a and 6-2b), the 
graphs show an increase in gross margin per pig place per year up to an optimum followed by 
a decreasing gross margin per pig place per year as the maximal finishing duration increases. 
The amount of production cycles (R) decreases with increasing maximal finishing duration. 
Increasing the average gross margin per pig by increasing the finishing duration per batch 
while adopting multi-staged marketing to get the highest proportion of pigs in the optimal 
carcass weight ranges, comes at an opportunity cost of a reduced number of production cycles 
per pig place per year. The graphs in Figures 6-2c and 6-2d indicate that this opportunity cost 
was larger than the benefits of the increased average gross margin per animal by the extended 
finishing duration and multi-staged marketing, which was also argued by Jørgensen (1993). 
This, implies that optimally, a certain proportion of pigs needs to be marketed prematurely, i.e. 
before these pigs reach the point where their individual gross margin is maximised. In the study 
of Boys et al. (2007), the majority of their simulated herds were also marketed in two and not 
more than 3 separate deliveries. Moreover the time lag between the second and last delivery 
was only one day in their study. These authors stated that multi-staged marketing mainly 
prevents discounts for overweight pigs and only modestly allows to increase the length of the 
finishing period, compared to an all-at-once delivery strategy. However, the optimal number of 
marketing stages will depend on the degree of the herd heterogeneity. It can be expected that 
a more heterogeneous herd benefits more from multiple marketing stages to prevent discounts 
for overweight pigs. Huang and Miller (2004) showed the impact on barn profitability of 
increasing levels of heterogeneity but only compared an all-at-once with a 6-staged delivery 
strategy. They determined break-even levels of herd heterogeneity (CV) for both strategies 
and estimated it to be about 15% for a the single delivery strategy and 31% for the 6-staged 
delivery strategy. For pigs of about 115 kg of life weight these CV’s imply a standard deviation 
of 17.3 kg and 35.7 kg respectively. 
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At the tactical level (Figures 6-2c and 6-2d), again some influence of the strictness of the 
pricing schemes on the optima was observed. For the more strict scheme 1, the optima 
occurred at a finishing duration of 18 weeks for pig prices 1.63 and 1.38 €/kg and 19 weeks 
for a pig price of 1.17 €/kg. Scheme 2 had its optima at maximal finishing durations of 17 weeks 
for pig price levels of 1.63 and 1.38 €/kg and 18 weeks for 1.17 €/kg. Increases in output prices 
have been shown to result in lower delivery weights and shorter finishing duration because 
they favor a higher barn turnover rate (Chavas et al. 1985, Boland et al., 1999, Leen et al. 
(under review)). The optimal carcass weight range under pricing scheme 2 starts already at a 
weight of 80 kg compared to the 85 kg under scheme 1. For this reason, increases in pig prices 
can lower the delivery weight more under scheme 2 before discounts for underweight pigs 
occur.
 Figure 6-2 Evolution in  average gross margin per pig (a and b)  and  gross margin per pig place per year 
(c and d) as a function of maximal finishing duration with optimal delivery policy assumed and optimal number 
of delivery stages indicated on the graph. Results are simulated for three levels of base pig price assuming 
a feeder piglet cost of 33€ and feed costs of  235 €/1000 kg .The maximal gross margins are the underscored 





Benefits of multi-staged delivery strategies conditional on the maximal finishing duration.  
In this section the comparison is made between different delivery policies in terms of number 
of delivery stages included in the policy. The average gross margin per pig corresponding to 
the policy is presented, conditional on the maximal finishing duration. The rationale for this 
presentation lies in the inability for farrow-to-finish farms to instantly adapt their piglet supply 
scheme to an altered finishing duration. Thus, despite the possible suboptimal tactical decision 
on the maximal finishing duration, it is important for farm managers to have insight at the 
operational level into the potential benefits of adopting a multi-staged delivery strategy instead 
of a single delivery, within the limits of the maximal finishing duration possible in their farm 
production schedule. 
Figures 6-3A and 6-3B illustrate the evolutions in average gross margin per pig from the 
different policies. Figures 6-3C and 6-3D present the loss in average gross margin per pig from 
practicing a suboptimal delivery policy compared the optimal delivery policy, again conditional 
on the maximal finishing duration. For pricing scheme 1, it is observed in Figure 6-3A that the 
difference in average gross margin from practicing multi-staged marketing compared to the 
single delivery policy increases with higher maximal finishing durations. Under pricing scheme 
1, with a narrower desirable carcass weight range (85-95 kg) adopting a single delivery 
strategy provokes substantial losses in average gross margin per pig from a finishing duration 
of 19 weeks onwards and increases to 2.74 € per pig when all pigs are finished until 21 weeks 
(Figure 6-3C). Delivery over multiple weeks reduced these losses, but the benefits of adding 
extra stages diminishes with every extra delivery.  
For the less strict scheme 2 (desirable carcass weight range: 80-100kg), it is clear that the 
benefits of organising a multi-stage delivery strategy are lower, because of the wider range of 
acceptable carcass weights. Multi-staged marketing was only beneficial from 19 weeks of 
finishing onwards (Figure 6-3B). Moreover, less stages were needed and the losses in average 
gross margin per pig from adopting suboptimal delivery strategies were much lower compared 
to those under scheme 1 (Figure 6-3D). From this information the farm manager can decide 
how much effort (labor and investments in sorting technology) he can afford to put in organising 
an extra delivery. 




Figure 6-3 Average gross margin per pig under various delivery policies as a function of 
maximal finishing duration(A and B) and losses in average gross margin per pig due to 
adopting a suboptimal delivery strategy (C and D) for two pricing schemes. Results were 
calculated for a pig price of 1.38 €/kg, a feed price of 235€/1000 kg and a piglet cost of 33 
€/piglet. 
For pricing scheme 1, the carcass weight distributions for different delivery strategies and a 
maximal finishing duration of 19, 20 or 21 weeks were determined (Figure 6-4). For each 
specific maximal finishing duration, the graphs shows that increasing the number of deliveries 
allowed to increase the proportion of pigs with a carcass weight within the optimal range, 
receiving a bonus of 0.06 €/kg (green zone). The graph also shows that extending the finishing 
duration allows to reduce the proportion of underweight pigs and combined with multiple 
deliveries the proportion of pigs in the optimal marketing zone can be increased further. These 
distributions show explicitly that multi-stage marketing served especially to prevent overweight 
pigs and not directly underweight pigs, because the proportion of underweight pigs in the 
strategy was determined by the maximal finishing duration and not by the number of deliveries. 
In the current analysis it was assumed that the early removal of pigs from a batch would not 
affect the performance of the remaining pigs from a batch. However, this effect on performance 
of the remainders is a matter of debate. The early removal of a proportion of pigs has been 




2002) but results are not conclusive. One could argue that disturbing the established social 
hierarchy in a pen by segregated slaughter could reinitiate dominance fights between the 
animals (Puppe, 1998), which leads to stress and eventually reduced performance if 
aggression persists. However, the study by DeDecker et al. (2005) showed improvements in 
both daily gain and feed efficiency for the remaining group of pigs partly due to increased 
accessibility of resources. However, treatments were limited to a two-staged delivery strategy 
with differences in proportion of pigs removed from a pen ( 0%-25% or 50%). We did not came 
across a study that investigated the effect on performance of the remainders in a multiple 
delivery strategy with more than two different deliveries. Research on the impact of a three-
staged delivery on the remainder pigs’ growth performance can be interesting and might show 
additional benefits of multiple marketing since it might reduce the proportion of underweight 
pigs. However, the studies on this removal effect do not mention explicitly whether pens are 
feed deprived before the removal of the heaviest pigs, which might affect the remainder pigs 
as well. This feed deprivation before slaughter is recommended for animal welfare during 
transport and requested by the slaughterhouse to prevent carcass contamination and excess 
waste disposal (Kephart and Mills, 2005). These authors suggested that there was no 
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Carca ss weight classes 
Four-staged ··--· __ .... , __ ··--·- .... , __ ··--·-- ··-· ·-
Th ree- staged I wl9, 10 wl9, IS w17, 10 wiS, 20 wl9, 40 I wiS, S ! 
Two-staged I wl9, 10 wi9,1S wiS,20 wl9,40 I .... ,. I .... ,.. ! 
Sin~e denvery I wl9, 10 wl9, IS I wl9, 40 wl9, 20 wl9, 10 
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 
Rvestaged I w20, 10 I wl6, 5 I w17, 10 I wiS, 20 wl9, IS w20, 40 I 
Four-staged w18,20 wl9,15 w20,40 wiB, S 
Three-staged I w20, 10 wiS, 20 wl9, 15 w20, 40 I wiS, S I wl9, 10 I 
Two-staged I w20,10 wiS, 35 w20, 40 I w!B, 10 I wiB, si 
Sin~e delivery I w20, 10 w20, 40 w20, 2S w20, 10 
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 
Six-staged ! w21, S I wl6, 5 I wl7, 10 wiS, 15 wl9, IS I w20, 20 w21, 25 I w21, 5 I 
Rvestaged ! w21, S I wl7, 10 wiS, IS wl9, 15 w20, 20 w2L 25 I wl8, 5 I w21, S I 
Four-staged ~ w21, S I wl6, 10 wl7, 20 w20, 20 I w21, 25 I w21, 5 I wiS, S I w21, 10 
Th ree· staged ! w21, 5 I wiS 15 wl9 35 I w21 25 I wiB, 5 I wl9, 10 I w21, 5 I 
Two-staged j w21,5 I wl9,35 I w21,25 wl9,10 wl9,10 w21,10 
Sin~e delivery ! w21,5 I w21, 25 w21, 25 w21, 20 




6.5 General considerations 
The optimization at the tactical level, with consideration of the trade-off between barn turnover 
and maximal finishing duration, led to shorter maximal finishing durations and consequently 
fewer separate stages of delivery compared to the optimization at batch level. However, the 
gross margin per pig place per year (Figures 6-1c and 6-1d) showed a flat evolution around 
the optimal maximal finishing duration, even for the more strict payment scheme. These flat 
payoff curves have been reported earlier by Boland et al. (1993) and would suggest that 
extending the finishing duration beyond the optimal maximal finishing duration can be 
acceptable to improve the operational flexibility for optimally marketing the pigs. After all, the 
tactical decision has to be made under uncertainty about what average price levels will be. 
Moreover, the presence of volatility in both feed and pig prices might reward some operational 
flexibility. This operational flexibility to extend the maximal finishing duration would allow to 
lower both the proportions of underweight and overweight pigs.  
However the benefits from this optimal marketing should not be overestimated. The current 
results about the optimal delivery strategies do show benefits form multi-staged marketing but 
these decline rapidly after adding more than two deliveries. Moreover, the strategies were 
described in terms of percentages from a batch of pigs to be marketed and implicitly assume 
the ability to perfectly select the ready-for-slaughter individuals. Selection criteria were outside 
the scope of this study but both Jorgensen et al. (1993) and Kure (1997) argued that there is 
only limited financial leeway for investing labour and capital into technology to enable a perfect 
sorting of individuals and optimize the marketing of finishing pigs.  
Still, consideration of the variability in feed efficiency between animals and its correlation with 
growth rate, might alter the results. In addition to preventing sorting losses in the 
slaughterhouse, feed efficiency gains could be possible through marketing the individual 
animals. Currently, the analysis assumed every pig to follow the average evolution in feed 
efficiency with increasing body weight. Without individual identification, to enable individual 
weight and feed intake registrations this potential benefits from improved feed efficiency cannot 
be captured. The question remains however, whether these benefits are so substantial to allow 
for investing in these types of technology and still capture some added value. Of course, such 
technologies can contribute to a broader improved farm performance and might also results in 
added value generated in the pork production chain. Therefore, they cannot solely be 
evaluated on the improved pig marketing results but deserve a thorough analysis of their 
profitability. 
Aside from the discussion on costs and benefits, these technologies could provide the 
necessary input for more detailed description and prediction of the animal performance and 
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the corresponding variability between animals. Similar to the discussion in Chapter 4, individual 
performance registration could enable more accurate statistical estimation of the average 
performance of the herd and the evolution in variability by applying non-linear mixed models 
(Schinkel et al., 2009). The estimated model parameters and distributions can then be used 
as input for Monte Carlo simulation. Such stochastic simulation of pigs herds can then result 
in distributions for the expected outcome of delivery policies. Another option would be to use 
the input from individual animal performance registration for the estimation of the transition 
probability matrices in a Markov Chain decision framework. The transition probabilities could 
describe the chances of individual pigs to hop from a given percentile to another in the weight 
distribution around the average weight curve.    
While the economic benefits might seem limited, practicing segregated marketing can be a 
necessity to comply with animal welfare regulations on minimal stocking densities. In the EU, 
the minimal surface area per pig changes from 0,65 m² to 1 m² when pigs reach a body weight 
of 110 kg. These issues need to be addressed farm-specifically since (non)compliance will 
depend a great deal on the stocking density at the start of the finishing period. Considering the 
work of Edwards et al. (1988), 0.65 m² per pig from the start of finishing onwards might also 
negatively affect animal performance to the extent that economic performance of the barn 
decreases as well.  
6.6 Conclusion 
The results of this study confirm the dominance at the tactical level, of the opportunity cost of 
a reduced barn turnover when extending the maximal finishing duration in the optimization of 
pig marketing. The flatness of the farm’s gross margin curve at the tactical level show limited 
negative impacts from suboptimal overlong finishing duration; This suggests at first glance that 
some deviance from the optimum would provide some more operational flexibility to adopt a 
multi-staged delivery policy and improve the marketing results. However, these benefits show 
diminishing returns of having more than 3 delivery stages quickly wears away, even under a 
stricter pricing scheme. This suggest that the optimal pig delivery weight and marketing 
problem is mainly situated at the tactical management level and needs attention in facility 





















Chapter 7 General discussion, conclusions and 
recommendations 
The objective of this dissertation was to provide practically relevant management insights into 
strategies for economic pig delivery weight optimization and its importance in current farm 
management and how it might evolve in the future. In order to fulfill this objective we combined 
stakeholder and scientific knowledge in all steps of the research process: the problem 
definition, development of the model and deriving the practically relevant insights. Three 
general research questions were formulated which we will now discuss based on the results 
of the previous chapters. The answers to these research questions will allow us to formulate 
recommendations to farmers, the pork supply chain and research.  
7.1 Research question 1: How is the pig delivery weight optimization 
embedded in the current management of pig farms? 
The disunity between stakeholders and their different preference about which management 
level should get priority in PDWO (Chapter 3), emphasizes the importance of the first research 
question. Discussing the embedding of PDWO in different management levels is relevant 
because it affects the frequency and data required for making specific decisions. The 
discussion will focus on I) how farmers can deal with PDWO, given their available data for 
optimization and II) the importance of PDWO in current practice. In the first part of the 
discussion on research question 1, we will describe how optimization of the delivery weight 
involves interacting decisions at multiple management levels, motivate that especially attention 
should be payed to decisions at the strategic and tactical level and that operational PDWO is 
hampered by limited resources, in terms of required data on marginal evolutions of animal 
performance and price forecasts. In the second part, we will focus on the importance of PDWO 
in current practice. The implications of the flat payoff curves regarding the current importance 
of PDWO will be discussed. Additionally, it will be argued how the flat-earth phenomenon in 
combination with possible stable optimal delivery weights might justify using robust decision 
rules for pig delivery weights. 
Dealing with PDWO at farm level 
Relation between PDWO and decisions at multiple management levels 
The study has provided indications about how PDWO involves and is affected by management 
decisions at the strategic, tactical and operational management levels. Long term strategic 




Strategic decisions affect the long term course of the farm and therefore these are made the 
least frequent during the career of the farm manager. Tactical management involves year to 
year decisions to keep the farm on its long term course. Operational decision making involves 
planning and execution of the weekly or daily farm activities (Huirne, 1990).  
Regarding PDWO, the main strategic decision affecting PDWO is the choice between self-
production of feeder piglets (farrow-to-finish farm) or purchasing feeder piglets (finishing farm). 
Furthermore, on farrow-to-finish farms also the strategic design of the different facilities to 
house sows (insemination barn, gestation barn and maternity barn), piglets (nursery barn) and 
growing finishing pigs affects PDWO. The capacity of different facilities should be harmonized 
to allow a smooth flow of pigs through the system. These aspects of farm organization 
constrain the maximal finishing duration on farrow-to-finish farms, because of the general 
transition to an All-In/All-Out production regime and multi-week batching of sows in the 
farrowing herd (Chapter 2). Multi-week batching means that the total sow herd is divided in 
different groups. The groups of sows are distributed over the different physiologic stages in the 
sow production cycle. This way the main sow herd activities, insemination, farrowing, weaning, 
can be scheduled in different weeks instead of occurring all in one week. Consequently, labor 
requirements can be reduced and some efficiency gains in facility usage can be obtained. 
However, on some farms the production schedule might be tuned very tightly to save on stable 
compartments for finisher pigs to reduce fixed costs (Herman Vets, personal communication 
in expert panel meeting, March 11, 2015 ). However, this limits the maximal available time for 
a batch of finishing pigs in the facilities. The following example illustrated this issue. A farrow-
to-finish farm that adopts 5-week batching of the sow herd, has a new batch of feeder piglets 
entering the growing-finishing phase every 5 weeks and would thus require either four or three 
growing-finishing compartments to house its finishing pigs. With four compartments available, 
a production cycle of 20 weeks (19 weeks of finishing and 1 week idle) would be possible. 
Having three compartments would save on fixed costs but would constrain the length of the 
production cycle to 15 weeks (14 weeks of finishing and 1week idle). These strategic decisions 
therefore affect PDWO by the constraints it poses on the maximal finishing duration per batch.  
Moreover, at the tactical level, choice of genetics will be crucial for successfully running such 
tight systems and it will constrain the choices towards fast growing genotypes if the 3-
compartment option is chosen. This choice might also affect PDWO since the faster growing 
genotype generally will show an inferior carcass quality in terms of lean meat percentage, 
compared to slower growing genotypes. Moreover, feeding regimes will have to target faster 
growth rates rather than optimal carcass quality. These choices will consequently affect the 
output price for pigs. Moreover, the risk of suboptimal pig delivery weights increase as growth 
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rates might sputter under climatic conditions or disease incidence. This however will also 
depend a great deal on the pricing scheme adopted by the slaughterhouse.  
For finishing farms, a tactical choice affecting the PDWO might be to contract with one or a 
limited amount of multiplier farms to purchase its feeder piglets from. This can be beneficial 
because of the reduced risk for disease introduction and constant supply of piglets with 
relatively constant quality. Nevertheless, it means that the farm has to align with the production 
schedule of the multiplier. The decision context for PDWO then roughly corresponds with that 
of the farrow-to-finish farm. Tactically, deciding to purchase feeder piglets at spot markets from 
various suppliers will result in the largest operational flexibility regarding PDWO, and would 
allow to follow beneficial market evolutions. This decision however, might lead to uncertainty 
over the quality and origin of the feeder piglets and might increase sanitary risks as well. 
Priority of strategic and tactical level in PDWO 
Our research provides some evidence to specifically pay attention to the decisions at higher 
management levels instead of the operational level. The constraining effect of decisions at the 
higher hierarchical management levels on decisions at the lower level motivates to focus on 
PDWO at the strategic or tactical level. Strategic and tactical decisions mainly determine the 
finishing barn’s turnover rate. The dominance in PDWO of the optimal barn turnover rate in the 
tradeoff with maximal finishing duration per batch for farms under continuous batch operation, 
was confirmed by the simulations in chapter 5 and chapter 6. This aligns with the results from 
the studies described in the literature review of chapter 2. In chapter 5, the average delivery 
weights were lower when the barn turnover rate was taken into account, compared to the 
delivery weights from the optimization at batch level. Moreover in chapter 6, we found that 
optimal marketing policies implied that a proportion of the slowest growing pigs would be 
marketed before entering the carcass weight range with the highest price premium, highlighting 
the importance of an optimal barn turnover rate. The negative impact on barn productivity 
would outweigh the benefits of extending the finishing duration to provide more time for these 
slower growing pigs to reach heavier delivery weights. 
Limited resources for accurate operational PDWO 
The current lack of timely and quality data about the internal process (i.e. the evolutions in 
growth, feed intake and carcass quality) and the lack of timely and transparent information on 
current and future pig prices hampers accurate PDWO at the operational level. In the 
operational decision rule for the finisher farm with flexible feeder piglet supply, the marginal 
gross margin equals the average gross margin per unit of time (Chapter 3). Therefore, the farm 
manager needs to investigate the balance between marginal revenue and marginal feed costs 




postponed. The last term in this equation requires forecasts of pig prices 16 to 20 weeks ahead. 
These are, however, not readily available. Our attempt to apply the econometric forecasting 
method of Gjølberg (1995) for future pig prices based on current feeder piglet market prices 
(analysis not included in the dissertation) was also not satisfactory to produce such forecasts. 
A similar problem is encountered in our proposed partial budgeting table to analyze the 
profitability of operationally deciding to sell an upcoming batch of feeder piglets on farrow-to-
finish farms (Table 7-1). This practice would allow to calculate the economic effect of extending 
the fattening duration of a current batch of finishing pigs. The most uncertain item in this table 
would be the estimation about the revenue that is foregone by selling the upcoming batch of 
feeder piglets instead of practicing business as usual and finish them on the own farm until the 
conventional target delivery weight is reached. While this approach was not explicitly modelled, 
the farm manager is free to apply this approach to perform a responsible “What-if analysis”. 
Table 7-1 Partial budgeting approach to operational decision making about incidentally 
extending the fattening duration on farrow-to-finish farms  
Positive Negative 
Extra income  Reduced income  
Extra revenue from extended batch of pigs No expected revenue as finisher pig from 
piglets being sold  
Extra revenue from selling the upcoming 
piglets 
 
Reduced costs  Extra costs  
No feed required for sold batch of piglets Extra feed costs for extended batch of pigs 
 
Furthermore, for operational decision making, one needs timely information on how the 
animals are performing at a given moment and whether their current performance deviates 
from the expected one. Farm managers facing rigid feeder piglet supply, have the operational 
option to terminate a batch before the tactically determined maximal finishing duration is 
reached. This decision can be necessary if market conditions would imply that marginal feed 
costs exceed the marginal revenue from a heavier carcass. However, the decision can only be 
made accurately when some monitoring of the growth and feed intake of the pigs is done or 
some easy observable indications about decelerating growth rate and aggravating feed 
efficiency are available. However, disposability of real-time data streams of process 
information, based on automation and information technology, which corresponds to the 
context of real time data streams considered in the studies by Niemi et al. (2010), Kristensen 
et al. (2012) and Pourmoayed et al. (2016) could not be assumed. On Flanders’ pig farms in 
general these technologies were still rare at the moment of this research.  
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An additional practical issue in accurate operational optimization of pig delivery weights are 
the logistics of delivery. Farmers need to apply for a delivery at least 4 days in advance, and 
the slaughterhouse plans the delivery into its supply schedule in the upcoming week. 
Consequently, the time lag between operationally deciding to deliver pigs and the actual 
delivery can vary and is somewhat uncertain. This diminishes the control the farmers exert 
over the actual timing of the delivery.  
Flat-earth economics and stable delivery weights: limited importance of accurate PDWO? 
In this section, we will now discuss the importance of PDWO in current farm management. The 
occurrence of flat-earth economics in PDWO, i.e. the occurrence of a flat payoff curve 
regarding the optimal timing and weight at slaughter of the animals affects the importance of 
PDWO. The negative effect of suboptimal delivery weights and suboptimal marketing on the 
profitability of the enterprise is rather limited. Pannell (2006) elaborated on the phenomenon 
of flat payoff curves2 when dealing with biological input to output transformations based on 
research on crop responses to nitrogen fertilization and labelled it flat-earth economics. 
Basically, it means that around the optimal level of input application, a flat zone will occur in 
which a deviation from this optimal level of input will only have a minor impact on the 
profitability. Consequently, farm managers can be confident to have some error margin in 
making their decisions on input allocation. Pannell (2006) also argued that as a consequence, 
benefits of decision support tools are not to be sought in precisely optimizing levels of input 
allocation on the production function of a specific technology. Instead, the benefits of such 
tools should come from I) describing the shape of the “safe” decision zone for the decision 
makers in contrast to a mere focus on the optimum and II) identifying the benefits of an 
improved choice of production technology (e.g. improved breeds or improved feeding regimes) 
and investigating pathways towards the improved production technology.  
Our results provided evidence to support the occurrence of flat-earth economics in pig 
production regarding tactical PDWO. In chapters 5 and 6, we observed plateaus in the 
evolution of gross margin per pig place per year as a function of delivery weight and observed 
limited negative impact from small deviations in optimal delivery weight in the sensitivity 
analysis. At the animal level, the steepness of the gross margin curve per pig depended on the 
animal’s growth and feed intake. Mainly the growth rate at the end of finishing affected the 
slope of the gross margin curve at animal level. This slope at the animal level is strongly 
counterbalanced by the hyperbolic reduction in annual barn turnover rate with increasing 
finishing duration. This counterbalance provokes flat payoff curves at the strategic and tactical 
level. Corroboration for this observation was found in the study by Boland et al. (1999), who 
                                                          




briefly noted the relative flatness of the net revenue curve in their integral optimization of 
feeding regime and optimal delivery, but did not elaborate further on it. Further, Jolly et al. 
(1980) also claimed that fairly robust decision rules could be applicable to the delivery weight 
policy on both finishing and farrow-to-finish farms and that a relatively wide range of 10 kg 
between 100 and 110 kg resulted in nearly identical levels of net farm income after taxes. This 
agrees with the results from our analyses. One could argue, however, that for large businesses 
even the slightest deviance from the optimal delivery weight with a small effect on the gross 
margin can be important because it gets magnified through a high operating leverage, i.e. the 
ratio between variable and fixed cost of the business. Still, in our analysis the additional fixed 
costs for attaining the maximal level of the gross margin was not yet considered. Attaining this 
maximum may need additional investments like sorting technology and extra labor. These 
increased fixed cost would increase the operating leverage even more but also raises the 
break-even point, i.e. the point where total revenues cover the total costs, further. As a result 
the risk of the business would increase. Moreover, this aspect of operational gearing is farm-
specific since it is heavily dependent on farm size and needs consideration in interpreting the 
effect of deviations from the optimal delivery weight. Still, generally speaking we believe it is 
valid to underline the relative importance of detailed PDWO to other management decisions 
that may have a more profound effect on the gross margin. The leverage effect of these 
interventions, without necessarily increased fixed costs, will still be bigger compared to detailed 
PDWO. 
The occurrence of flat payoff curves bears implications regarding PDWO. As seen in our 
results and also argued by Pannell (2006), the flatness and width of the payoff function can 
differ. In our study, the width of the plateaus were determined by the payment schemes. The 
width of these schemes thus affect the error margin farmers can assume in delivering their 
animals. The optimal average delivery weight was always located in the range of carcass 
weights with the highest premium and often located near the upper limit of this maximal 
premium range. This controlling feature of the pricing scheme was also reported by Chavas et 
al. (1985), stating that the optimal delivery weight was always near the maximum of the price 
premium function. However, in this situation, caution is warranted for price penalties. Because 
falling outside the optimal carcass weights range does inflict large losses due to the carcass 
weight penalties. While the flat-earth economics seem to limit the importance of PDWO in 
current practice, identifying the limits of the optimal plateau remains important for pig farmers. 
This is crucial since slaughter houses usually pay price premiums for ranges in desirable 
carcass weights, to incentivize farmers towards a certain delivery weight. These pricing 
schemes artificially break up the large flat payoff plateau into several plateaus of different 
altitude.  
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Flat-earth economics in optimal marketing strategies. 
The importance of optimal marketing strategies may also be affected by flat-earth economics. 
In chapter 6 we observed how the tactically determined maximal finishing duration per batch 
resulted in limited operational flexibility to market pigs in separate stages according to their 
growth rate. The optimal marketing strategy corresponding to the tactical optimization 
consisted of 2 or 3 delivery stages. Still, because of the flat payoff curve per pig place per year, 
we hypothesized that it might be useful to choose a slight overlong suboptimal maximal 
finishing duration to provide some operational flexibility for optimal marketing of a batch of pigs. 
The benefits of this operational flexibility, however, were shown to be limited. The benefits from 
multi-staged marketing showed diminishing returns, which again resulted in a flat evolution of 
the average gross margin per animal. More than three deliveries are probably not worth the 
effort, considering that labor requirement were not yet accounted for in the analysis.  
Various authors such as Boys et al. (2007), Kure (1997) and Niemi et al. (2010) suggested that 
stricter payment schemes, in terms of desirable carcass weight ranges, would considerably 
affect the importance of multi-staged marketing. To some surprise, however, the effect of 
reducing the optimal carcass weight range from 80-100 kg by 10 kg to 85-95 kg had rather 
limited effects on the optimal marketing policies in our analysis. Nevertheless, an interesting 
question for further elaboration is to investigate how animal performance and varying market 
conditions affect optimal marketing policies at the operational level. We only simulated one 
animal profile and three different levels of pig prices. The delivery policies seemed stable and 
were only slightly affected by the high level pig price, but this needs further investigation. 
Likely stable optimal delivery weights?  
The sensitivity analysis to market conditions and animal profile gave interesting insights with 
respect to the stability of optimal delivery weights. Animal profiles, in terms of growth and feed 
intake can be seen as different production technology choices. Consecutively, the different 
market conditions were used to evaluate the sensitivity of the optimal delivery weights for the 
different technology choices. The results indicated rather stable optimal delivery weights for 
the animal profiles in our analysis. For boars and GnRH-boars there was hardly any effect of 
market conditions on optimal delivery weight. Their delivery weight was found near the upper 
limit of the highest carcass weight premium range, which confirms the argument of Chavas et 
al. (1985) that the optimal delivery weights were always close to the maximum of the price 
premium function. This implies that at the animal level, the marginal revenues are still 
outweighing the marginal feed costs. Moreover the slope of the gross margin per animal was 
steep enough to counterbalance the reduction in annual barn turnover rate. Animal profiles 




gross margin per animal occurs at a lighter carcass weight than the upper limit for the maximal 
premium, will probably respond more to changes in market conditions. Especially to changes 
in the cost of production or purchase price for feeder piglets. Our results showed that the price 
or cost of production for the feeder piglets had the most significant impact on the location of 
the optimal delivery weights. 
Still, farmers should be able to conduct such a sensitivity analysis for their farm-specific 
situation, in order to investigate whether the stability of the optimal delivery weight holds. The 
current results cannot be generalized industry wide because our analysis was based on a 
limited scope of pig genotypes and feeding practices, and it is known that pig management, 
feeding and genotype affect the animals’ performance. Therefore, a farm-specific analysis is 
warranted. If such analysis would confirm the stability optimal delivery weight, it would facilitate 
decisions on marketing pigs. It can be expected that the most efficient animal genotypes will 
probably have a stable and relatively high average delivery weight, certainly when feeder pig 
prices are relatively high compared to prices for feed and pigs. Moreover, the effect of market 
conditions on the optimal delivery weights is also depending on changes to the pricing scheme. 
In our analysis, the scheme was relatively narrow and limited the carcass weights to about 95 
kg, for which the majority of the animals were still relatively feed efficient and growth was not 
yet dramatically decelerating. If the scheme would have been wider and allow the animals to 
grow to a carcass weight in which the feed efficiency starts to aggravate up to the point where 
marginal feed cost will compensate the marginal revenues, the stability of the optimal delivery 
weight might be reduced as feed prices would relatively affect the delivery weight more. 
In the sensitivity analysis, the effect of the animal’s sex on the gross margin also illustrated the 
greater importance of improved technology choice over accurate optimization on the 
production function of an inferior production technology, as argued by Panell (2006). The effect 
of the animal’s sex affected the magnitude of the gross margin much more than the effects of 
suboptimal delivery. Due to the occurrence of flat-earth economics, our study confirms greater 
benefits from improved technology choice over substituting inputs (i.e. optimizing) on the 
production function of an inferior technology. Still, it was also observed that animal profiles 
affected the evolution of the losses due to suboptimal deliveries. For some animal profiles, the 
losses aggravated steeper than for other profiles when deviating from the optimum. We cannot 
claim these results to be universally applicable into practice because of its empiric nature and 
the limited amount of genotypic variation included in the analysis. However, we can be 
confident about the relative importance of choosing an improved technology (i.e. an improved 
animal profile in our case), compared to optimizing the delivery weight of an inferior one.  
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7.2 Research question 2: What is the value of synergizing stakeholder and 
scientific knowledge to enhance both problem definition, model output and 
derived insights? 
In chapter two, we listed numerous studies either related to or specifically focused on PDWO. 
Those studies often started from the complexity inherent to the problem and resulted mainly in 
advances of methodologies for more accurately describing the optimization processes 
involved. In our study, we started from a different approach in which we combined stakeholder 
knowledge and scientific knowledge in order to benefit from the synergism between the two, 
and to derive relevant and applicable insights for current pig production. In this section of the 
general discussion, we will discuss that co-learning between stakeholders and researchers is 
the core value of this approach. Evidence from our research process will be used to motivate 
that co-learning can lead to an improved problem definition, allow to make better model 
decisions and better target the required insights. However, we will argue that enabling co-
learning requires specific efforts and prevention of pitfalls. 
Co-learning for improving the problem definition, better models and relevant insights 
Co-learning about a problem can result from a cooperation between researchers and 
stakeholders in which knowledge from science and from stakeholders is presented to each 
other, compared and discussed. Assumptions that are made by both approaches can be 
investigated and validated or improved if necessary. Confirmation can be found or 
discrepancies between the two knowledge types can foster a discussion to find the origin of 
the discrepancy. This dialogue can lead to a better understanding and an improved definition 
of the problem at hand.  
In the dialogue, stakeholders can learn about the problem from the specifically produced 
research output on the topic. Moreover, the process stimulates them to think about the input 
they will return to the researchers and encourages them to develop their own problem 
understanding (Gramberger et al., 2015). This was explicitly stated by one of the participants 
in the second expert panel meeting: “Participating in these discussions is of value for our team 
because it urges us to think systematically about these types of problems.” Researchers, in 
their turn receive this direct and focused input which assists in their research (Gramberger et 
al., 2015). Similarly, the dialogue with the stakeholder also requires the researchers to clarify 
and structure their own problem interpretation in order to effectively communicate their insights 
to the stakeholders.  
Particularly in our study, co-learning in the participatory DPA led to clarification of the effect on 
PDWO from management decisions at different levels that are linked to each other. This step 




target PDWO on. For both researchers and stakeholders this progress in the problem analysis 
resulted in a better understanding of the decision problem. In the participatory DPA, we 
presented the factors, processes and control variables that were assumed in previous scientific 
studies to the stakeholders. The stakeholders’ response to this presentation resulted in a better 
alignment with the decision context of the farmer and the control variables they perceived to 
be under actual control of the farmer and which are not. For example, the majority of pig 
farmers in Flanders purchases compound feed from feed mills and typically apply two or three 
phase feeding. Assuming daily adaptations to the diet to better match the pigs’ nutrient 
requirements, as done in other studies, would have been an unrealistic control variable. 
Additionally, assuming perfect information and accurate control over the evolution in lean meat 
percentage of the pigs would have been an unrealistic control variable in the current practical 
context, as well as the perfect control over the exact date and timing of delivery.  
In addition to a better understanding of the problem, a clear view can be obtained on the 
stakeholder’s expected support. Learning by both parties about what is needed to 
accommodate the stakeholders required insights is important to proceed in better defining the 
problem and means to provide suitable support. Clearly defining the scope and aim of the 
model can then lead to better decisions in developing a model fit for the intended purpose. In 
our study, the stakeholders’ guiding role in this stage of model development was explicitly 
acknowledged. The stakeholders expressed the need for a simple model to fully enable the 
farmer to learn the basics about the PDWO problem. It illustrates the usefulness of their direct 
role in balancing on the one hand: the model complexity and required accuracy with on the 
other hand: practical usability (user-friendliness and conceptual accessibility). This is a specific 
task for stakeholders in participatory modelling as proposed by Voinov and Bousquet (2010). 
In this role they can also increase the value of the model for themselves by advising the 
researchers to targets the issues or question they are most interested in. Regarding our 
process, the stakeholders clearly stated that they wanted to know from the model what the 
negative effect would be of suboptimal delivery weights on the farms’ profitability. 
Researchers can also obtain a better insight into the practical constraints for applying a model 
in practice from the stakeholder knowledge input. The limited technical data availability on pig 
farms was a crucial observation from the stakeholder meetings. Consequently, the model 
development could be adapted accordingly. The unavailability of technical data motivated the 
concrete research question in chapter 4 to investigate the potential for application and 
calibration in practice of “low cost” models in terms of data requirements. These models did 
provide an acceptable description of the expected evolutions in the fundamental technical 
processes, being growth and feed intake, conditional on the correct data collection. Still, their 
limitations to accurately simulate animal responses to dietary regime changes and their 
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possible disadvantages in terms of parameter stability and limited potential for operational use 
were acknowledged in this chapter. The dialogue with the stakeholder, however, allows to 
discuss the consequences of particular choices in model design. This way they are informed 
about the limitations and can either agree and adapt their expectation of the model’s outcome 
or ask researchers to reconsider the particular model choice.  
To summarize these crucial steps for our case, we agreed with the stakeholders to focus on 7 
basic factors in a simulation model in order to foster learning about PDWO instead of providing 
routine decision support on PDWO. In addition to mere optimization results, the effect of 
suboptimal delivery weights on the profitability had to be provided. These issues motivate why, 
contrary to previous studies on PDWO, it was not chosen to use dynamic programming as the 
methodology to answer the stakeholders’ questions. Dynamic programming models can 
quickly become very large and complicated (Cabrera, 2010), which makes it difficult to 
communicate the results and logic to stakeholders. Other issues include the inflexibility of 
dynamic programming models due to a high amount of fixed parameters to define all possible 
states and unfriendly and unfamiliar interfaces for the end user (Groenendaal et al., 2004). 
However, the main motivation not to use dynamic programming but the descriptive mechanistic 
gross margin approach was because of the stakeholders’ request to focus on suboptimality. 
Our approach accommodates this request by allowing the end user to evaluate simulations 
with a fixed barn turnover rate and thus excluding barn turnover rate as a control variable from 
the optimization algorithm. As we explained in chapter 6 this is important for farrow-to-finish 
farms which cannot instantly remediate barn turnover rate. Before barn turnover can be 
revised, farmers may want to simulate optimal delivery policies conditional on a possible 





Efforts for co-learning and pitfalls to prevent 
Enabling co-learning is crucial to capture the value of bundling stakeholder and scientific 
knowledge but requires specific efforts and prevention of pitfalls. Since co-learning occurs in a 
dialogue between researchers and stakeholders, effective communication between them is a 
critical aspect. The establishment of a common language with the stakeholder should enable 
effective and comprehensive communication of existing scientific knowledge to the 
stakeholders. Moreover, researchers have to be able to match the stakeholders’ input with 
existing scientific knowledge. Therefore, in our opinion, establishing the common language 
between researchers and stakeholders is more an effort for the researcher than for the 
stakeholder. He has to adapt to the stakeholder language by finding the best practical 
translations and analogies for scientific theories and jargon. The common language will likely 
improve the credibility of the researcher and build trust with the stakeholder. We believe that a 
minimal level of mastering the problem by the researcher is needed to efficiently establish the 
common language at the start of the participatory process and built trust with the stakeholders. 
In addition to building trust and credibility, the sharing of ownership over the research project 
can help to motivate stakeholders in committing to the dialogue. Sharing the ownership in 
participatory model building means sharing the decisive power over the aim and scope of the 
model. Therefore, the researcher has to acknowledge and actually deal with the stakeholders’ 
input (Gramberger et al., 2015) instead of merely paying them lip service as is often seen in 
participatory modelling approaches (Voinov and Bousquet, 2010). In our case, the model 
development was fundamentally affected by the input from the stakeholders on the decision 
variables, the limited data availability and their expressed desire on both model goal (a simple 
straightforward PDWO-learning tool) and information about the importance of (sub)optimal 
delivery weights. The researchers’ initial idea to mechanistically construct the production 
function of pig farms, based on a mechanistic growth and feed intake models in order to 
routinely support PDWO, was profoundly reshaped under impulse of the stakeholders. 
A potential pitfall for researchers, however, can also be relying too much on stakeholder 
knowledge. By definition co-learning requires both parties to supply input for the process. 
Stakeholder involvement should not mean that their initial problem interpretations groundlessly 
become the general accepted standard problem definition. Especially because at the start of 
the process, stakeholders might not be the ultimate experts in the concrete topic at hand 
(Gramberger et al., 2015). Therefore, depending too much on stakeholder knowledge should 
be prevented because of potential stakeholder bias and because stakeholders’ understanding 
of the problem can evolve by participating in the process. These pitfalls can be countered with 
proper preparation for the participatory process and by paying attention to particular guidelines 
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from the list proposed in chapter 3 during the execution of the process. The particular 
guidelines are: providing sufficient participatory learning steps, providing adapted learning 
tools per step, and deliberately choosing stakeholders based on prior knowledge of the 
problem or its context. Providing enough iterative meetings with stakeholders is important to 
manage the dynamics in stakeholders’ problem understanding and definition. However, the 
meetings should be scheduled as such that enough time between meetings is provided to 
allow personal reflection and elaboration of the own ideas by the attendees.  
In our approach, we first prepared for the engagement with stakeholders by reviewing previous 
literature on the problem (chapter 2), and preliminary modelling as described in chapter 3. It 
might be criticized that bias can occur as well by defining your own problem interpretation, 
before having even listened to the stakeholder. Still, we believe that it did allow to establish 
effective communication. Moreover, bringing an interpretation of the problem to the discussion 
challenged both parties and sparked co-learning. Still, the format of presenting the 
interpretation is important. Providing the effective auxiliary discussion tool was found to be vital 
for fostering the interaction, both between the stakeholders and between stakeholders and 
researchers. In the first expert panel meeting, the large schematic overview based on 
reviewing scientific literature presenting possible factors and processes from pig production, 
possibly affecting PDWO, was used as auxiliary discussion tool. This qualitative tool did 
produce the result we aimed for: an effective discussion on PDWO and the factors and 
processes to focus on.  
A concrete example of how co-learning based on scientific literature managed to prevent 
potential stakeholder bias in the problem definition, was the initial focus on operational decision 
support by some stakeholders. Initially, some stakeholders prioritized support at the 
operational level on buying and selling decisions of new feeder piglets and increasing the idle 
time between consecutive batches to potentially benefit from short-term evolutions in the 
market prices of finishing pigs and feeder piglets. This attitude was somehow understandable 
considering the background, a dire economic situation and crisis that motivated the actual 
request for support on PDWO. There was belief in the potential of PDWO to enhance 
profitability in the short term. However, in the meetings we discussed the higher management 
level decisions affecting PDWO. We also explained the obstacles to explicitly model the 
speculative aspect in the operational marketing of finishing pigs, because of the inability to 
predict future prices for piglets and pigs. Based on the insight from the meetings and by 
providing time for reflection, we could agree with the initial believers in operational support to 
first prioritize the model at the tactical level and not explicitly model the operational question. 
Still, we provided qualitative support on the issue by explaining partial budgeting as a potential 




The dynamics of the process and the stakeholder problem interpretations require flexibility and 
skill from the researcher to keep the model flexible both in terms of aim and concept (Voinov 
and Bousquet, 2010). For our model, dealing with the factor growth rate variability is a good 
example. Initially, growth rate variability was a factor in the schematic overview of the literature 
review to be left out of the model, despite being considered important by both parties in the 
first expert panel. However, as the participatory decision problem analysis proceeded the 
experts familiarity with PDWO increased and literature showed that taking herd-heterogeneity 
into account does affect the PDWO results (Boys et al. 2007). Consequently, in the terminal 
multi-stakeholder monitoring meeting of the participatory DPA, an attendee of the previous 
expert panels requested growth rate variability to be explicitly taken into account to provide 
correct insights into PDWO. Moreover it was agreed that modelling growth rate variability would 
provide additional relevant insight into the benefits of multi-stage marketing policies. 
Our approach and process did not result in an all-inclusive model in which every possible factor 
relating to PDWO (cfr. Figure 3.2) has been incorporated. The stakeholders and experts in our 
study agreed on the fact that trying to model all the factors in the schematic overview of 
scientific literature (Figure 3-2) would have led to an impractical and complicated model. 
Moreover, because it was agreed that the model should focus on learning about PDWO, 
researchers and stakeholders had to reduce the list of factors and processes from the 
extensive scheme. It was assumed that leaving out some of the factors would not have 
dramatic impact on the accuracy of the model. Still, one can question to which extent this is 
true and whether the obtained list of factors could have been biased by the specific stakeholder 
group involved. Reviewing scientific literature for corroboration of the stakeholders’ statements 
between the consecutive expert panels had to counterbalance the potential bias. This review 
showed that the factors and processes currently incorporated in the model did align with the 
most important ones described in literature. Additionally, the obtained outcome was also 
validated by a larger multi-stakeholder meeting, involving various stakeholder representatives. 
Still, we can question whether including additional factors into the model would lead to 
additional insights into PDWO. If advancements of stakeholders’ insight into PDWO would 
require to assess the effect of additional factors, investigation in further research steps 
following the same approach of merging scientific with stakeholder knowledge is possible. 
However, the success of this assessment will still remain conditional on the availability and 
quality of empiric information and on-farm data to enable realistic and meaningful modelling of 
the additional factors. The effect of mortality patterns on PDWO can illustrate this statement in 
the current process. While the effect of mortality was hypothesized by the researchers based 
on scientific literature, not enough data on mortality incidence was obtained during the animal 
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trials involved in this research, to allow establishing trustworthy patterns in mortality related to 
increasing delivery weights of the pigs. 
The advancements in insight into PDWO by the involved stakeholders raise new questions. 
Currently, we face two groups of stakeholders to be reached. On the one hand, we have the 
group of stakeholders that has been involved in the participatory process and on the other 
hand we face the broader Flanders pig industry which we have to get in contact with to valorize 
the obtained insights in practice. The involved stakeholders all appreciated the learning aspect 
of the collaboration towards the learning support tool for the broader industry. The value of this 
social learning experience has been highlighted before by the advocates of stakeholder 
involvement (Jakku & Thorburn, 2010; Darnhofer et al.,2012; Martin, 2015). The question is 
now: “How to proceed with this group?” Clearly, they grasped the current insights and are 
ready for next steps of learning, if we consider the new questions they raise or their arguments 
to incorporate additional factors in future versions of the model. Theoretically, indeed the 
learning could or should never stop and such iterative loops of stakeholder meetings could 
continue to elaborate the learning tool further. This adheres to the formation of long-term 
partnerships with specific stakeholders for further mutual capacity building between 
researchers and stakeholders, which was argued by (Matthews et al., 2008). While it seems 
theoretically ideal to install such a dynamic “never-ending” process, practically there are 
obstacles in issues such as staff turnover and sustaining funds for continuation of these 
activities (Matthews et al., 2008).  
With the other broad group of uninvolved stakeholders, we still face a more fundamental 
question that was already raised in chapter 3: How to scale-up the learning process that was 
experienced in the “small” involved stakeholder group to the broader industry? Can we rely on 
the (involved) extension officers or farm advisors to promote the learning tool and assist in its 
usage on-farms? Is the ideal setting for learning with this tool, performing simulations by the 
individual farmer or should the tool be applied in group, serving as input for discussion groups 
as argued by Darnhofer et al. (2012) and executed by Martin (2015). Currently, an on-line 
learning tool for PDWO (www.slachtdoordacht.be ) is under construction. An overview of the 





7.3 Research question 3: Given current insights, ongoing evolutions and 
new drivers what might be the role of pig delivery weight optimization in future 
pig production and farm management 
In the first section of the discussion, we elaborated on how the PDWO problem is currently 
embedded in pig farm management in terms of how the farmer can deal with PDWO and what 
the current importance is of PDWO. In the following paragraphs, we will start from the insight 
we obtained into the current embeddedness and reflect on how ongoing and future evolutions 
can provide incentives for PDWO, affecting the feasibility and the importance of PDWO in 
future pig farm management. First we consider precision livestock farming (PLF) and the 
increasing availability of timely technical on-farm data. Second, we focus on the internalization 
of public costs into the payoff for pig farms and how it might lead to the disappearance of flat-
earth economics. Third, we elaborate on how new institutional arrangements in the pork value 
chain besides current spot-market based transactions might affect the role of pig delivery 
weight in the communication of product specifications from consumers and customers to 
producers.  
Precision Livestock Farming key enabler for future PDWO?  
PLF can provide real-time technical data about the production process and can be defined as 
the combination of sensor, information and automation technology to collect data, process 
them into valuable information from which decisions (automatically) can be made to control the 
system and ensure the best practices on farms (Banhazi and Black, 2009). As such, it can 
resolve the issue of the unavailability of timely technical data, which was argued to be an 
obstacle for the accurate execution of PDWO. PLF technology in pig production has been 
under development for considerable time. For example the studies by Frost et al. (1997), Gates 
et al.(1995) and Slader and Gregory (1988) show that the development of these monitoring 
technologies was already initiated considerable time ago. 
Despite the availability of PLF, the question remains whether it should be adopted for PDWO 
purposes. Regarding PDWO, the relatively low importance of accurate PDWO, provoked by 
the flat optimization planes in the pig production function, and the current low profit margins in 
the industry, make investments in PLF risky. Cautiousness is thus needed to not interpret the 
lack of data availability as an argument to rashly invest in PLF-technology. Investments in 
sensor technology are the best tangible example to explain that information comes at a cost 
and acquisition of information itself also entails risk (Byerlee and Anderson, 1982). For the 
investment to be profitable, the information should allow the decision maker to improve the 
expected outcome of his decisions by a value that at least exceeds the cost of investing in the 
technology. A mere break-even investment would be of little benefit to the farmer and might 
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even worsen his solvability. In the case of PDWO, thinking in the old paradigm that more 
accurate information will benefit the farmer anyway is wrong. With special focus to PDWO and 
optimal marketing, Jørgensen (1993) showed the little financial leeway for investing in high-
precision weighing equipment for pigs. Additionally, thinking in terms of benefits from variable 
rate of application of inputs such as precision feeding should be further scrutinized, considering 
the flat-earth economics phenomenon. While these technologies would indeed enable the 
integrated optimization of feeding and slaughter decisions on a daily basis, the benefits of such 
a system would need thorough economic evaluation before recommending it. Few studies 
have dealt with this issue. Niemi et al. (2010) showed some but moderate increased value of 
the technology, without accounting for investment costs. Moreover, the studies by Niemi et al. 
(2010) and Boland et al. (1993) investigating more precise feeding of pigs, show the general 
law of diminishing returns in adding more feeding phases into an feeding regime to better 
match the dynamic nutrient requirements of pigs. However, Niemi et al. (2010) may 
underestimate the total benefit from the technology since the additional benefits from split-
harvesting were not considered but all at once marketing was assumed. 
The following issues regarding the adoption of PLF in relation to PDWO need further attention. 
The flat optimization plateaus on current pig production functions imply that larger benefits 
come from insights leading to an improved production technology choice (better pig genotype 
and adapted feeding regime) instead of input substitution on a flat optimization plane of a given 
production function. The question is whether the data from PLF technology provide enough 
added value in making improved production technology choices. Or will these choices be so 
obvious that the added value of disposing of the data in decision making will be too low 
considering the cost of collecting and processing the data, as argued by Pannell (2006)? 
Another issue is to which extent adoption of PLF technology can affect the shape of the 
production function of a given production technology and thus partly resolve the phenomenon 
of flat-earth economics, making input substitution (i.e. optimization) on the production function 
more profitable. Still, a more philosophical consideration on PLF is whether it is not just the 
next tread in the treadmill theory? How can it be prevented to merely be the next tool to allow 





Internalization of public costs: an incentive to enhance the importance of Pig Delivery Weight 
Optimization 
Exogenous incentives may both affect the importance of PDWO, by reducing the flat-earth 
economics, and boost the benefits of PLF adoption. An example of such incentive is the 
internalization of external and public costs of pig production into the farm’s payoff in addition 
to mere private costs, also called true cost accounting (Bainbridge, 2006). In this context, 
sensor technology may have a dual role since it could lead to better monitoring of the farm’s 
production process and deliver input to a true cost accounting system. But PLF can also 
provide new and more precise control variables to minimize the internalized public costs. For 
example, if nitrogen fluxes would be considered, and cost of nitrogen losses to the environment 
would be internalized, the flatness of the payoff curve could be reduced into a more steep 
curve. The study by Morel and Wood (2005) showed the impact of variable economic weights 
for nitrogen excretion per pig place per year on gross margins, optimal feeding and delivery 
weights. The graphs in the study show indeed a flat private payoff curve in which the 
environmental cost is left out, but show the steep increase in nitrogen output per pig place per 
year. Such internalization of environmental cost might thus increase the importance of delivery 
weight and feed optimization and create a powerful incentive.  
From spot-markets to other institutional arrangements: enablers or obstacles to PDWO?  
In the participatory DPA, we observed how some stakeholders initially desired support on 
operationally decision making to benefit the most from market evolutions in prices of pigs and 
piglets. The increased likelihood for such opportunist behavior is inherent to a value chain 
based on spot-market transactions, because the theoretical assumptions behind the 
functioning of markets are not always met in reality (den Ouden et al., 1996). Theoretically, 
market functioning will harmonize supply and demand both in terms of quality and quantity 
through the applied pricing system. But as den Ouden et al. (1996) argue this perfect market 
stands or falls with the availability of perfect information, perfect competition, stable 
environments and rational behavior, which are conditions not always fulfilled in practice. The 
alienation between the start and the end of the supply chain and the inability of the supply 
chain to perfectly feeding back the consumer demands to the pig producers, has led to 
problems of chain inefficiency and inefficacy (den Ouden et al., 1996). The reason is that 
optimization at the individual level of the supply chain based on imperfect price and information 
transmission systems leads to partially conflicting goals between links in the chain. In our 
research, the effect of base price level on the optimal delivery policies illustrated some 
imperfectness of the spot market based on the carcass quality payment scheme. Currently, 
the pricing scheme tries to control the carcass weight, because too heavy carcasses are not 
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desired because the primal cuts would become too large. The desired carcass weight range 
was between 85 and 95 kg. However, in chapter 6 it was shown that a high base market price 
for pigs could alter the marketing strategy and lead to a higher optimal delivery weight for the 
fastest growing animals producing carcasses of about 100 kg. 
An evolution towards more contract based institutional arrangements between different links 
of the supply chain has been proposed by several authors to overcome these pitfalls from spot-
market based transactions (den Ouden et al., 1996; Schulze et al., 2007a; Young and Hobbs, 
2002). Or the trend towards contracting has at least been linked to the evolutions of increased 
concentration at different levels in the chain and vertically closed and differentiated value 
chains, based on food quality as the basis for competition (Busch and Bain, 2004; Young and 
Hobbs, 2002). In situations where retailers set product specifications and use the company 
name for branding, they are found to favor contracting because it safeguards better against 
risks of loss of reputation from non-compliance or food crises in spot market based systems 
(Schulze et al., 2007a).  
Regarding PDWO, contracting may take away the incentives for operationally optimizing pig 
delivery weights as function of current and future sport market conditions, if contracts specify 
prices and buying and selling arrangements. In such a setting, PDWO can then be fully focused 
on the tactical level. The benefit of better planning opportunities from contracting was one of 
the determinants for some German farmers to support contracting in the survey by Schulze et 
al. (2007a). A more stable pig price, obtained through contracting would also reduce the 
uncertainty in tactical PDWO. 
Moreover, in negotiating the best contract conditions, PDWO might be of importance 
depending on the product specifications demanded by the buyer, in terms of breed, feed and 
desired delivery weight. The report by Poray et al. (2003) is a rare example of studies that 
quantitatively evaluated the benefits of contracting, vertical integration or spot marketing 
between pig producers and slaughter houses. They argued that the results for the chain and 
both producers and slaughterhouses can depend a big deal on the definition and arrangements 
in the contracts. In their particular study, risk sharing between producers and slaughterhouses 
was not specified and contracts solely focused on market access. This led to better scheduled 
flows of saleable carcasses. 
While contract based transactions can have benefits for the farmer, we cannot be blind for the 
possible negative consequences that the current weakened position of primary producers 
might bear in the negotiations of contracts. Contracting, especially into specific value chains 
with high asset specificity can be risky for producers (Busch and Bain, 2004; Young and Hobbs, 




flexibility and entrepreneurial autonomy are often underestimated by researchers. Young and 
Hobbs (2002) also argue that with the increase of contracting and the decline of spot-market, 
new issues arise for producers. Spot market prices for commodities will be less relevant to the 
value of the product defined in contracts, which can have specific product requirements. The 
producer will still need information to negotiate contract conditions. As a consequence price 
intransparency of spot market systems might evolve in contract intransparency in contract 
based systems (Young and Hobbs, 2002). These authors suggest a crucial role for producer 
organizations in the future to mediate these issues by collective bargaining and development 
of farm contract terms and advocating for contract transparency. 
Moreover, Schulze et al, (2007a) argued that evolutions in new technologies can limit the need 
for severe vertical coordination based on contracting to overcome the pitfalls of spot markets 
to meet highly specific product demands for differentiated markets. They motivate their 
statement with the example of a German slaughterhouse and processor, who is able to 
produce numerous different products tailored for specific markets based on internal application 
of automated sorting and information technology, sorting the carcasses into specific categories 
and its large scale of operation. This slaughterhouse relies on variability in the purchased pigs, 
instead of homogenous supply based on contracting to meet the specific demands of 
differentiated value chains.  
Similarly, it may be worthwhile to investigate how the application of sensor and monitoring 
technology for carcass quality on farms, can work to support the farmer in its negotiations with 
his customers being the slaughterhouses. PDWO might then include a new dimension, being 
the optimal customer to target for specific groups of pigs. It may stimulate an attitude towards 
more thinking in a business-to-business framework, which allows to lower transactions costs 
in the lower links of the chain. A potential obstacle about such an approach might be the 
minimal scale of the farm and its ready-for slaughter batches to be delivered. Too small batch 
sizes will also increase transport costs and may offset the benefits of delivering very specific 
and uniform pigs. However, horizontal cooperation with similar and neighboring colleagues 
could overcome this pitfall. Furthermore, this reflection assumes that chain transparency on 
quality and price relations would be improved. This would be required, in order for the farmer 
to make the best possible sorting and selling decisions.  
  
 DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 
161 
 
7.4 Conclusions  
Based on our research we can formulate three main conclusions. First, decisions regarding 
PDWO are situated at different management levels and decisions made at a particular level 
may affect the decisions at other levels. Based on our findings we suggest to focus on the 
decisions at the strategic and tactical level. This enables to optimize the annual barn 
productivity and determines the maximal finishing duration per batch. The latter shapes the 
operational possibilities farmers have for marketing their animals. Moreover, accurate PDWO 
at the operational level is currently hampered by limited data availability to estimate marginal 
revenues and marginal costs. While precision livestock farming technology, can alleviate this 
burden, the profitability of these investments needs further scrutiny.  
The occurrence of flat-earth economics currently reduces the importance of PDWO to 
identifying the limits and width of the highest price premium in the pricing scheme of the 
slaughterhouses. Currently, this phenomenon also limits the benefits of highly accurate 
optimization of delivery weights and marketing. Moreover, it implies that other management 
decisions that lead to adoption of a better production technology should be prioritized over 
PDWO. An important angle for further research remains whether evolutions, such as 
internalization of public cost, can sharpen the farm’s payoff curve regarding the optimal delivery 
weights and would make accurate optimization more important. The importance of PDWO 
might also be affected by a shift from spot-market based transactions towards more contract 
based vertical coordination in the pork supply chain. In this context, PDWO will become an 
aspect in negotiating the best contractual arrangements and will further prioritize decisions in 
PDWO on the tactical level. 
The approach of bundling scientific knowledge and stakeholder knowledge to obtain insights 
into a decision problem is valuable. The value lies in the potential of co-learning between 
stakeholders and researchers. Proper execution of such a participatory exercise results in an 
improved problem definition, aligning it with the decision context of stakeholders and concrete 
focus on insights into questions desired by the stakeholders. Co-learning during the process, 
however, requires effort of both parties and requires effective communication, trust, shared 






7.5 Recommendations for farmers, policy makers and further research 
Regarding PDWO, pig farmers should first deal with decisions at the strategic and tactical 
management level. On these levels decisions on the capacity of the facilities and their 
production schedule are made and affect annual barn turnover. Because of the importance of 
yearly barn productivity in PDWO, farmers should realize how barn productivity is traded off 
with the finishing duration of the individual batches.  
Furthermore, it should be realized that the maximal finishing duration per batch corresponding 
to the near optimal barn turnover, will likely provoke marketing a proportion of animals 
prematurely because of the variability in growth rates between pigs. This might seem 
suboptimal but having these animals occupying the facilities longer will negatively affect the 
profitability. While barn turnover might be a tactical management issue which is not readily 
remediated, it deserves attention and action should be taken when possible. Until remediation 
of the barn turnover is possible, one has to make the best decisions regarding optimal 
marketing strategies, within the given constraints by the maximal finishing duration per batch. 
Exploiting the operational flexibility to market a batch in multiple stages is beneficial over a 
single delivery strategy. However, more than three delivery stages is probably not worth the 
effort. If farmers want to deal operationally with PDWO, some monitoring and estimation of pig 
growth and feed intake in the final trajectory is required to enable balancing of marginal 
revenues, considering the pricing scheme and market conditions and marginal feed costs, 
given current feed prices. Further research could address the minimal required pen or animal 
numbers to effectively monitor these marginal evolutions in the final trajectory.  
In the current context of pig production, it is recommended for farmers to investigate the 
premiums in the pricing schemes of their slaughterhouses to identify the desirable carcass 
weight region. Considering the limited impact on profitability from small deviations from the 
optimum it is wise not to target the average delivery weight close to the edges of this desirable 
carcass weight range for which the highest premium is paid. Dependent on the actual design 
of the pricing scheme, delivery outside this range can be costly. 
Given the occurrence of flat-earth economics regarding PDWO, the improvements in 
profitability by optimization of the delivery weight can be expected to be rather limited 
compared to other management decisions. Thus, aspects of feeding, split-sex housing and 
choice of genetics are likely to affect profitability more profoundly and should be prioritized 
over PDWO. Such decisions will lead to a higher payoff plateau instead of moving on a single 
possibly inferior plateau. Consequently, investments in sensor and automation technology 
should be motivated beyond the mere enabling of production process optimization such as 
variable rate of input application, because the resulting costs and benefits should be 
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scrutinized further. More opportunities stemming from applying these technologies should be 
investigated in a mindset of a better business model within the pork supply chain. 
In the current system with spot market arrangements prevailing, efforts should be done by the 
supply chain and policy makers to improve the chain transparency, especially regarding price 
formation and the link with product quality. This way the required information on revenues for 
the PDWO can be obtained and the transparency itself can aid to resolve the distrust of 
producers in the links downstream of the chain. Another contribution by policymakers could be 
to provide assistance and education for farmers in hedging price risks with forward or future 
contracts. By engaging in a future or forward contract that settles close to the actual delivery 
of pigs, the farmer can neutralize the effect of changes in market prices for pigs on his 
revenues. The potential longer term price stability may then improve the effectiveness of 
tactical PDWO. Furthermore, policy makers could actively work on the instalment of a chain 
mediating organ to improve both horizontal and vertical chain cooperation. Certainly since the 
evolution towards vertically closed chains have been initiated and are likely to continue, 
guidance and some protection of the producers in their integration in those chains might be 
necessary. Assistance might be needed in terms of negotiating best possible contract 
conditions, contract transparency and dispute settlement. 
Scientific decision support of pig farmers also has to accommodate the upcoming changes and 
evolutions. Since, the historical success rates in terms of routine adoption of science based 
DST has been low, the goal and functioning of models in decision support should be 
reconsidered as learning support. The benefit of modelling for stakeholders should always lie 
in providing comprehensible insights instead of providing the most accurate numbers from an 
incomprehensible model. Considering the further concentration of the industry and the 
evolution towards vertically closed but differentiated supply chains, there will be numerous new 
questions and problems for which insights will be required, but which will go beyond mere 
process optimization. Supporting farmers in fundamental strategic choices about how to take 
part in which closed vertical chain can be angles for future support. Still, assistance in process 
optimization will remain, but will be affected by the strategic choices that have been made. In 
close cooperation with the stakeholders and based on a hybrid approach of qualitative and 
quantitative information, researchers should proceed to assist the pig farmers in tackling the 
new challenges, such as business model innovations that can ameliorate the profitability. 
Finally, further research should focus on fine tuning of the simulation model into an effective 
web based learning tool and validate its results in practice. Consecutively, its best possible 
usage in practice, either using it for on-farm individual simulations or as an auxiliary discussion 
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Appendix I: Evolution carcass quality premiums per sex as a 
function of carcass weight 
 
Figure AI-1 Evolution of the carcass quality premium related to a carcass merit index based 
on lean meat percentage and carcass conformation as a function of chilled carcass weight 
for 4 different sexes Gilts, Boars, GnRH-vaccinated boars and Barrows. Coloured lines 
represent the statistical model 





Appendix II: Prototype of the on-line learning tool 
www.slachtdoordacht.be 
The on-line PDWO learning tool is based on the simulation model that was described in chapter 
5. An overview of the different steps in its application is presented in Figure AII-1. The tool 
separates entry of input parameters onto a configuration page and some onto a simulation 
dashboard.  
Configuration page 
The configuration page allows for adapting some parameters of farm management that are 
supposed not to change very often. These concern the amount of feeding phases in the feeding 
regime and the corresponding timings of feed transitions (Figure AII-2). Dressing percentages 
for the pigs and the payment grid of the slaughterhouse can be adapted as well (Figure AII-3). 
The final tab of the configuration page allows to adapt parameters for estimating volumetric 
manure production (Figure AII-4). 
The simulation dashboard 
On the simulation dashboard (Figure AII-5)  animal performance can be calibrated. The user 
can specify two average curves of animal performance, mainly to take into account the 
differences in animal performance related to the different sexes of the pigs. If the user does 
not dispose of data recorded per sex, he can choose to specify only one aggregated animal 
performance curve. In the scheme of Figure AII-1, the parameters needed for calibrating 
animal performance are listed.  
The user can choose the type of optimization he wants to evaluate. He can either choose to 
optimize the delivery weight and the barn turnover rate or he can optimize the pig delivery 
weight for a fixed barn turnover rate. The latter feature was added to allow farmers that face a 
rigid piglet supply scheme to obtain insight in their best possible delivery strategies given their 
predetermined maximal finishing duration.  
The economic parameters that can be altered on the simulation dashboard consist of the pig 
price, the feeder piglet price, manure disposal price and an additional amount of fixed 
expenses that do not vary with the weight of the pig but only vary with the amount of production 
cycles that are ran in the system. Feed prices can be specified according to the pre-set feeding 
regime on the configuration page. 
The simulation output 
First, the user obtains a basic table with the mere optimization results (Figure AII-6). This figure 
illustrates the output when the user has specified two separate curves for animal performance. 
The first column specifies the output variables respectively: Gross margin per pig, Optimal 
delivery weight, Optimal fattening duration, Optimal barn turnover and Gross margin per pig 
place per year. Columns two to four specify the results of the optimization when there is only 
a single delivery moment. The result per animal type are listed in columns two and three and 
the average is listed in column four. Similarly, in columns five to seven the results are 
presented when two separate delivery moments are allowed. The last column indicates the 
value of the separate delivery. 
These results can also be inspected graphically (Figure AII-7). The left graph allows to inspect 
the evolutions in gross margins per pig for both the animal performance curves specified by 
the user. The gross margins are read on the left y-axis. The right y-axis allows for evaluating 




margin for the two animal types can be plotted as well. The aggregated evolutions are again 
presented for the single delivery or two-staged delivery policy. 
The graph on the right show the evolution in gross margin per pig place that is forgone when 
deviating from the optimum. Figure AII- 7 shows again to different evolutions depending on the 
delivery strategy. The broken line indicates the loss in gross margin per pig place per year for 
the two-staged delivery in case the terminal delivery is overdue. The full line present the 
evolution for the single delivery strategy. The minimum for this curve indicates the difference 
in gross margins between the two delivery strategies in their corresponding optima.. 
 The user can also obtain plots for the animal performance variables Figure AII-8. In the upper 
left list box he can specify the variable he likes to plot. Below he can specify whether he wants 
the evolution to be plotted against the finishing duration or the live weight of the pigs. Similar 
graphs can also be obtained for the economic variables: revenue, feed costs, piglet costs, and 
manure disposal costs. These can be plotted both at the animal level or the level of the pig 
place per year.  
 
  
Figure AII-1 Overview of the different steps in the on-line PDWO learning tool to adapt the model to specific 
farm conditions, calibrate animal performance, define the desired type of optimization and economic parameters 
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Industrialization has reshaped pig production into an intensive bio-industrial industry 
characterized by high capital demands. The pork supply chain is characterized by an evolution 
towards fewer players with increasing scale of operation at every link of the chain. Globalization 
and liberalization have increased international competition resulting in more pressure on the 
profitability of pig farms. In addition, costs increased for compliance with policy to 
accommodate societal concerns related to ecological and animal welfare issues. In this 
industrial setting, management decisions at farm level focus on the best input allocation to 
maximally remunerate the high capital demands, labor and management by the farmer. Also 
decisions on optimal timing of delivery and weight at delivery of finishing pigs are taken in this 
context. The request for scientific support on the optimization of pig delivery weights (PDWO) 
has been renewed by the Flanders’ pig industry, related to the dire economic situation in recent 
years. Moreover other evolutions such as the progress in sensor, information and automation 
technology and evolutions towards further vertically closed but differentiated value chains 
might explain renewed interests in optimization questions.  
A lot of studies on PDWO have been executed so far, accommodating as much as possible 
the complexity inherent to the problem. The renewed request from the industry for support on 
PDWO may signal a low uptake of historic insights. While science has indeed a tradition of 
attempting to valorize its insights derived from sophisticated models, for example through 
means of decision support tools, these attempts have often been unsuccessful. The approach 
to start from the complexity of a decision problem and try to fully incorporate it into a model to 
improve the accuracy of the results, may not be the impeccable key to successful adoption in 
practice.  
Therefore, this dissertations follows another approach. The research is not unilaterally based 
on historic scientific insights on PDWO focusing on the complexity of the problem, but starts 
from the perception and the experience with the PDWO problem by the stakeholders from the 
industry. The general objective was to provide practically relevant insights into the current 
importance and embedding in farm management of pig delivery weight optimization and its 
potential future evolution. Therefore we combined both stakeholder and scientific knowledge 
in the three phases of the research: problem definition, model development and deriving 
insights. The novelty of this study consequently lies in the approach that is based on both 
quantitative and qualitative research methods from multiple scientific disciplines. 
The bundling of scientific and stakeholder knowledge took place in a participatory decision 




in scientific literature, were discussed with stakeholders. This process resulted in a better 
understanding of the PDWO problem by both stakeholders and researchers, an improved 
definition of the scope and the aim of the model and a clear view on specific insight that 
stakeholders wanted to obtain from the model. Researchers and stakeholders agreed to 
refocus from routine decision support towards model-based learning support for farmers. 
Therefore, the model had to be scientifically sound and provide valid insights into PDWO but 
respect the current limited on-farm data availability. The scientific literature overview was 
initially reduced to a list of 7 factors, on which model development had to focus : (1) pig prices 
and the relation between delivery weight and carcass quality, (2) piglet prices, (3) feed prices, 
(4) evolution in feed efficiency during the finishing period, (5) evolution of average daily weight 
gain, (6) sex of the pig and (7) the flexibility in piglet supply differing by farm type. In addition 
to the mere identification of optima, stakeholders specifically requested insight into the 
negative effect on gross margins of suboptimal delivery weights. Furthermore at the end of the 
participatory DPA, they reconsidered the importance of growth rate variability for modeling 
PDWO and asked to incorporate it as well. 
To accommodate the limited on-farm data availability, we investigated which empiric dynamic 
growth and feed intake models, described in scientific literature, were the most accurate and 
applicable on farms, in terms of minimal data requirements for calibration. The suitable animal 
performance models were consecutively used to develop a descriptive simulation model for 
PDWO. This model describes the evolution of the gross margin per pig and per pig place per 
year throughout a production cycle, based mainly on revenues, feed costs, feeder piglet costs 
and manure disposal costs. The comparison of the model’s simulations with results from 
previous studies showed that the model correctly described the drivers behind PDWO.  
The value of bundling stakeholder and scientific knowledge lies in co-learning between 
stakeholders and researchers. Co-learning enables to improve: I) the understanding and 
problem definition, II) adapting the model’s aim and scope and III) better target the required 
insights. Still proper execution of such a participatory process is not a sinecure and requires 
skill and flexibility from the researcher. Successfully fostering co-learning between 
stakeholders and researchers starts with establishing, effective communication based on 
translating scientific theory into stakeholder language and a minimal initial level of 
comprehension of the decision problem by the researcher. Sharing ownership over the 
research with the stakeholder is necessary to build trust and commitment but implies 
acknowledging their decisive power in model development in terms of aim an scope. Relying 
too much on stakeholder knowledge and running the risk of obtaining a biased problem 




scientific knowledge, a thorough preparation and providing enough successive steps with time 
lags that allow the problem understanding to mature.  
Through following our research approach we gained insights into the embedding of PDWO in 
current pig farm management. These insights concern (I) the way farmers can deal with 
PDWO, given their available technical data and information and (II) the importance of PDWO 
in current practice. 
Regarding the way farmers can deal with PDWO, we found that there are decisions at the 
different management levels (strategic, tactical and operational) that can affect PDWO. 
Moreover, decisions at the higher management levels affect the decision alternatives at lower 
levels. Furthermore, it takes longer to remediate the effect of strategic and tactical  decisions 
because these are made less frequent than the operational decisions. The strategic decision 
to become a farrow-to-finish or a finishing farm affects PDWO because it determines the 
flexibility of the feeder piglet supply to the finishing facilities. On farrow-to-finish farms the piglet 
supply is rigid and scheduled at regular intervals. This rigid schedule predetermines the 
maximal available time for finishing a batch of pigs. Finishing farms can have more operational 
flexibility in the maximal finishing duration if they decide to buy piglet on the spot market instead 
of aligning with the production schedule of a single multiplier farm.  
Our research provides evidence to specifically pay attention to the decisions at the higher 
management levels in PDWO. To maximize the annual gross margin of the barn, the trade-off 
between increasing finishing duration per batch and annual barn turnover needs to be 
considered. It was shown how taking this trade-off into account, leads to lower delivery weights 
compared to the optimization at batch level. On farms with a rigid piglet supply, the barn 
turnover is determined at the higher management levels. The dominance of the barn turn-over 
in PDWO was further confirmed when taking growth rate variability into account. The analysis 
of the benefits of marketing animals in different stages still showed how the maximal finishing 
duration would be limited and lead to marketing a proportion of slowest growing pigs 
prematurely. Furthermore, accurate operational PDWO is hampered by little technical data 
availability on-farms which makes it difficult to accurately estimate marginal revenues and 
marginal costs. The lack of price forecasts of future pig prices is an additional obstacle to 
estimate the opportunity cost of operationally extending the finishing period of a current batch 
of pigs, which is required for operational PDWO.  
Regarding the importance of PDWO in current practice, the observation of flat payoff curves 
as a function of delivery weight bears important implications. The flatness of the payoff curve 
implies that some deviation from the optimal delivery weight has limited impact on the gross 




margin is mainly determined by the pricing scheme used by the slaughterhouse, because they 
usually specify desirable carcass weight ranges which correspond to price premiums. The 
flatness of the payoff curve with regards to the delivery weight also implies that other 
management decisions which lead to an improved choice of production technology should be 
prioritized over accurate PDWO. Because these improved choices will increase the gross 
margin more than accurate PDWO of a given production technology.  
Besides delivery weights were found to be located in the carcass weight range paying the 
maximal price premium, sensitivity analysis for the pigs from our performance trials showed 
stable delivery weights regarding changing market conditions. Still, feeder piglet price was 
found to have the largest impact on the location of the optimal delivery weight. The stability of 
the delivery weight, however, cannot be generalized from our analysis but should be 
investigated farm-specifically, because of the effects on animal performance of genotype, 
feeding and other management aspects. Farm-specific confirmation of this potential stability 
can give interesting information that can facilitate decisions concerning the delivery weight of 
finishing pigs. 
Our research also allowed to reflect on how the future role and importance of PDWO might 
change due to ongoing evolutions. Evolutions that would sharpen the payoff curves of pig 
farms can affect the importance of PDWO in the future. An important angle for further research 
can be whether precision livestock farming (PLF) can sharpen the farm payoff curves by 
providing more control variables over the process. Moreover, its benefits from highly accurate 
process optimization need further scrutiny considering our observation of flat payoff curves in 
PDWO and other literature on the benefits of variable rates of input application. We argued 
however how the further internalization of public costs from nutrient output (such as nitrogen) 
to the environment into the private payoff function of farms may become an incentive 
increasing the importance of more accurate optimization. 
A trend towards more contract based transactions, parallel to the vertical closure and 
differentiation of pork value chains may affect the future importance of PDWO as well. 
Operational PDWO in terms of opportunistically following market evolutions would be 
eliminated through contracting. Still, PDWO would than need consideration in terms of 
negotiating the best contract conditions. Contracting may also provide longer term price 
stability and delivery arrangements which can reduce the uncertainty in PDWO at the tactical 





De varkenshouderij is doorheen het industrialisatieproces uitgegroeid tot een bio-industriële 
sector met hoge kapitaalsbehoeften. De varkenskolom wordt gekenmerkt door een trend naar 
minder spelers met toenemende schaalgrootte bij de verschillende schakels in de keten. 
Globalisering en liberalisering van de markt hebben geleid tot meer competitie. Bijgevolg, is 
de druk op de rendabiliteit van varkensbedrijven toegenomen. Daarnaast lopen de kosten 
verder op om tegemoet te komen aan regelgeving omtrent dierenwelzijn en het milderen van 
de milieu-impact. In deze industriële context, worden managementbeslissingen omtrent 
inputgebruik en outputproductie genomen met als doel om de hoge kapitaalsbehoefte, arbeid 
en management van de landbouwer zo goed mogelijk te vergoeden. In deze context worden 
ook beslissingen genomen omtrent het optimale slachtgewicht en tijdstip om vleesvarkens te 
af te leveren. De economische malaise van de laatste jaren in de Vlaamse varkenssector 
vormde een directe aanleiding voor een hernieuwde vraag naar wetenschappelijke 
ondersteuning bij de optimalisatie van het slachtgewicht van vleesvarkens (SO). Er zijn 
mogelijks ook andere bijkomende verklaringen voor de heropleving in de interesse voor 
optimalisatievraagstukken, zoals de verdere ontwikkeling van sensor-, informatie-, en 
automatisatie technologie en de evolutie naar een meer verticaal gesloten en gedifferentieerde 
waardeketen.  
Een hele resem studies omtrent SO is reeds voorhanden. Deze studies volgen vaak een 
aanpak die zich richt op zoveel mogelijk van de complexiteit in het probleem te modelleren en 
hieruit inzichten af te leiden. Echter, de hernieuwde vraag naar ondersteuning bij SO, duidt 
mogelijks op een lage opname van de historische inzichten in de praktijk. Wetenschappers 
hebben reeds vaak getracht om wetenschappelijke inzichten te valoriseren door het 
ontwikkelen van beslissingsondersteunende instrumenten. Deze pogingen zijn vaak echter 
vruchteloos gebleven. De beschreven aanpak, gericht op de complexiteit van het probleem 
om de nauwkeurigheid van de resultaten te verbeteren, lijkt niet de ultieme sleutel tot 
succesvolle implementatie in de praktijk.  
Daarom vertrekken we in deze thesis vanuit een andere aanpak. Het huidige onderzoek is niet 
eenzijdig gebaseerd op inzichten uit de studies die focusten op nauwkeurigheid van het model. 
De huidige aanpak start vanuit de perceptie en de ervaring van de stakeholders met SO. Het 
doel van de studie was om praktijkrelevante inzichten te bieden in hoe SO kadert in het huidige 
bedrijfsmanagement en wat het belang ervan is voor de rendabiliteit. Om dit doel te bereiken 
hebben we kennis vanuit de wetenschap en vanuit de praktijk gebundeld in drie 




simulatiemodel en het afleiden van inzichten in SO. Deze vernieuwende aanpak steunt zowel 
op kwantitatieve als kwalitatieve onderzoeksmethoden en multidisciplinariteit. 
De bundeling van de twee kennisbronnen vond plaats tijdens een participatieve probleem 
analyse (DPA). Deze bestond uit discussies met stakeholders op basis van een overzicht van 
factoren en processen gerelateerd aan SO, geïdentificeerd in wetenschappelijk 
literatuuronderzoek. Dit proces resulteerde in: I) een beter begrip van het probleem door zowel 
de stakeholders als de onderzoekers, II) een verbeterde definitie van het doel en de reikwijdte 
van het model en III) duidelijkheid over welke inzichten in SO verwacht werden. De focus werd 
verlegd van routine beslissingsondersteuning naar ondersteuning van de varkenshouder in het 
bijleren over SO. Om die reden moest het model wetenschappelijk correcte inzichten kunnen 
bieden maar terzelfdertijd de beperkte databeschikbaarheid op varkensbedrijven respecteren 
en niet te complex zijn. In samenspraak werd het literatuuroverzicht gereduceerd tot 
basisfactoren voor modelontwikkeling. Dit waren in eerste instantie: de relatie tussen het 
slachtgewicht en de varkensprijs, de biggenprijs, de voederprijzen, de evolutie in 
voederconversie en groeisnelheid doorheen de mestperiode, het geslacht van het varken en 
de flexibiliteit in biggenaanvoer naargelang het bedrijfstype. Daarnaast vroegen de 
stakeholders expliciet om inzicht in de gevolgen van suboptimale slachtgewichten naast het 
louter optimaliseren van het slachtgewicht. Aan het einde van de participatieve DPA werd ook 
gevraagd om variatie in groeisnelheid tussen varkens op te nemen in de lijst.  
Om tegemoet te komen aan de beperkte data beschikbaarheid op varkensbedrijven werd 
vervolgens onderzocht welke empirisch dynamische groei en voederopname modellen uit de 
wetenschappelijke literatuur praktisch toepasbaar zouden zijn. Deze evaluatie was gebaseerd 
op nauwkeurigheid en kalibratiemogelijkheden met minimale data vereisten. De beste 
modellen werden gebruikt om een simulatiemodel te ontwikkelen. Dit model beschreef het 
bruto saldo per varken en per varkensplaats per jaar doorheen de mestperiode op basis van 
de omzet en de kosten voor voeder, biggen, en mestafzet. De vergelijking van de simulaties 
met resultaten uit bestaande studies toonden dat het model de mechanismen achter SO 
correct beschreef. 
De waarde van het bundelen van wetenschappelijke en stakeholderkennis ligt in het 
gezamenlijk leerproces van stakeholders en onderzoekers. Dit gezamenlijk leren laat toe om 
het begrip en definitie van het probleem te verbeteren, het doel en reikwijdte van het model 
aan te passen aan de behoefte van de stakeholder en om beter de benodigde inzichten te 
identificeren. Doch is een goede uitvoering van het participatieve proces geen sinecure. Het 
bevorderen van het gezamenlijk leren start met effectieve communicatie tussen 




wetenschappelijke theorie naar de taal van de stakeholder. Ook het delen van het 
zeggenschap over het onderzoek is nodig om engagement en vertrouwen te kweken. Dit 
betekent dat de stakeholders’ controle over het doel en opzet van het model wel degelijk 
erkend en ter harte moet worden genomen. Echter een te grote afhankelijkheid van 
stakeholderkennis moet vermeden worden om het risico op een vertekende probleemdefinitie 
te voorkomen. Dit kan vermeden worden door voldoende tegengewicht te bieden met 
wetenschappelijke kennis en door voldoende tussenstappen en reflectietijd te voorzien zodat 
het probleembegrip bij de verschillende partijen kan rijpen. 
Met onze aanpak verkregen we inzicht in hoe SO kadert in de bedrijfsvoering. Dit inzicht omvat 
de manier waarop varkenshouders kunnen omgaan met SO, gegeven de beschikbare 
technische data en informatie en het belang van SO in de huidige praktijk. Qua omgang met 
SO, zagen we dat er zowel op strategisch, tactisch als operationeel vlak keuzes worden 
gemaakt die een invloed hebben op SO. Daarbij hebben de keuzes op de hogere 
managementvlakken een invloed op keuzes op lagere niveaus. Bovendien duurt het ook 
langer vooraleer het effect van strategische en tactische keuzes kunnen worden 
geremedieerd. De strategische keuze om zelf biggen te produceren (gesloten bedrijf) of om ze 
aan te kopen (afmestbedrijf) beïnvloedt SO omdat het de flexibiliteit in de biggenaanvoer naar 
de vleesvarkensstal bepaald. Op gesloten bedrijven leidt dit tot een rigide en regelmatige 
aanvoer die bijgevolg de maximale mestduur in de vleesvarkensfase vastlegt. Afmestbedrijven 
kunnen kiezen voor een flexibelere mestduur indien ze biggen kopen op de spotmarkt. Kiezen 
ze voor een vaste biggenleverancier, moeten ze hun mestduur ook aanpassen aan het 
productieschema van de leverancier. 
Er zijn motivaties om bij SO specifiek aandacht te besteden aan de beslissingen op hogere 
management niveaus. Om het bruto saldo per stalplaats per jaar te maximaliseren dient de 
afweging tussen een langere mestduur en het aantal jaarlijkse productierondes per stal 
(rotatiecoëfficiënt) in rekening gebracht te worden. Deze rotatiecoëfficiënt wordt echter 
vastgelegd op de hogere managementniveaus op bedrijven met een rigide biggenaanvoer. 
Het dominerende effect van de optimale rotatiecoëfficiënt werd verder bevestigd wanneer 
variatie in groeisnelheid tussen dieren werd beschouwd. De analyse van het optimaal leveren 
van varkens in verschillende beurten toonde hoe de optimale maximale mestduur nog steeds 
beperkt was zodat bijgevolg de traagst groeiende varkens afgeleverd werden op een gewicht 
dat niet de maximale uitbetaling gaf. De beperkte technische databeschikbaarheid vormt ook 
een obstakel voor nauwkeurige operationele SO, omdat de marginale meeropbrengsten en 
marginale kosten moeilijk kunnen worden ingeschat. Het gebrek aan voorspellingen voor de 
toekomstige varkensprijs is een bijkomend obstakel in het schatten van de opportuniteitskost 




Het belang van SO in de praktijk, word sterk bepaald door het vlakke verloop van het bruto 
saldo met veranderend slachtgewicht. Hierdoor, hebben beperkte afwijkingen van het optimale 
slachtgewicht slechts een kleine invloed op het bruto saldo. Bijgevolg, bestaat er enige 
foutenmarge in de beslissingen omtrent SO. Deze foutenmarge wordt hoofdzakelijk bepaald 
door het bereik in aflevergewicht dat de slachthuizen prefereren en waarvoor toeslagen 
worden voorzien. Verder impliceert de vlakke bruto saldo curve ook dat andere 
managementbeslissingen zoals geneticakeuze en voedermanagement, voorrang zouden 
moeten krijgen op nauwkeurige SO. Keuzes die leiden tot een verbeterde productietechnologie 
leiden immers tot een hoger vlak in bruto saldo. Hetgeen een groter positief effect geeft in 
vergelijking met het bewegen op het vlak van een inferieure productietechnologie.  
Naast het feit dat de optimale slachtgewichten in het gewichtsbereik voor de hoogste 
prijstoeslag lagen, vonden we voor de varkens uit ons onderzoek dat hun optimale 
slachtgewicht relatief stabiel was ondanks veranderingen in marktprijzen. De biggenprijs had 
echter de grootse invloed op de ligging van het optimale slachtgewicht. Deze stabiliteit van het 
optimale slachtgewicht mag niet zomaar gegeneraliseerd worden voor alle 
praktijkomstandigheden, omdat keuzes in genetica, voederstrategie en andere 
managementaspecten de groeiprestaties sterk kunnen beïnvloeden. Indien bedrijfsspecifieke 
controle deze stabiliteit zou bevestigen, kan het echter wel SO vergemakkelijken. 
Ons onderzoek liet ook reflectie toe over mogelijke verandering in het belang van SO onder 
invloed van courante evoluties. Evoluties die het verloop van het saldo kunnen verscherpen, 
kunnen het belang van SO verhogen. In die optiek is de vraag: of toepassing van precisie 
veehouderij systemen de curve kunnen verscherpen, een piste voor verder onderzoek. Deze 
systemen laten meer controle over het productieproces en nauwkeurigere procesoptimalisatie 
toe. Echter de kosten en baten hiervan vragen verder onderzoek, gezien de vlakke bruto saldo 
curves bij SO en bestaande literatuur over de voordelen van precisie input allocatie. Doch, 
hebben we geargumenteerd hoe een verdere verrekening van externe kosten van 
nutriëntenemissies (zoals stikstof) in de winstfunctie van bedrijven, een stimulus kan worden 
voor nauwkeurigere procesoptimalisatie. 
Parallel aan een evolutie naar verticale sluiting en differentiatie van de waardeketen in de 
varkenshouderij, kunnen transacties tussen varkenshouder en slachthuis op contractbasis de 
toekomstige rol van SO ook beïnvloeden. Het volgen van marktopportuniteiten op korte 
termijn, zou geëlimineerd kunnen worden door contract gereguleerde leveringen. Daarnaast 
zou SO wel belangrijker kunnen worden in het onderhandelen van de beste 
contractvoorwaarden. Contractwerking zou ook prijzen kunnen stabiliseren op langere termijn 
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